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I. INTRODUCTION

A. Background

The corrosion of military aircraft is a serious and costly problem for
the Air Force, and can pose a hazard not only from the standpoint of mater-
ial failure of metallic structural elements, but also to the safety of per-
sonnel involved. Even though the metallic structures are covered with
protective surface coatings, corrosion may still occur from a myriad of
causes. Improper%y cleaned and prepared metal surfaces, film defects during
application, abrasion or other mechanical damage, environmental stress,
weathering, and aging of the protective coating may all lead to corrosive
attack of metal structures. When corrosion occurs, it is not uncommon for
several of these mechanisms to occur simultaneously, and on different time
scales. Therefore, the requirements that a surface coating must meet to
insure substrate integrity under field conditions are very stringent.
Chromate corrosion inhibitors are used extensively with great success, but
have the disadvantage of being toxic. A

The recent EPA/OSHA concern of the toxicity of chromate salts has
caused the initiation of this investigation of replacement of hexavalent
chromates currently used in the primer formulation applied to military
aircraft, meeting MIL-P-23377D. Preferably, the new pigment would be an
advanced, multifunctional, corrosion-inhibitive combination capable of
providing an equivalent range of protective responses as the chromate in-
hibitor. Gulf South Research Institute (GSRI) has studied several concepts
for aircraft primer systems for improved corrosion resistance. These
studies focused on techniques for the incorporation of multifunctional,
nontoxic inhibitors with extended protection by limiting rates of solution
thus providing a reservoir of protection while limiting undesirable blis-
tering of the coating.

The primary method of corrosion protection for aircraft surfaces em-
ployed by the Air Force is an epoxy-polyamide primer (MIL-P-23377D) contain-

ing SrCr0, as the corrosién inhibitive pigment and topcoated with an ali-

4
phatic polyurethane (MIL-C-83286B). This coating system provides only
limited protection against corrosion resulting from film defects, mechanical

damage, and localized crack growth. A possible solution would be to replace
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the SrCrOA with a combination of multifunctional inhibitors for both anodic
and cathodic processes, in the hope that increased corrosion protection
could be achieved.

Furthermore, if these inhibitors cculd somehow be entrapped or encapsu-
lated within the primer, then the release of inhibitor action would occur
only as required, in a manner controlled by the formulator. These multi-
functional corrosion inhibitors must be incorporated into the primer so that
corrosion protection is provided for the lifetime of the primer-topcoat sys-
tem. The target period for functional corrosion inhibition is currently
five years.

Since the chromate-containing inhibitive pigment is now suspected of
being a toxicologically active agent, there exist health hazards in all work
phases with this material. Therefore, several promising nontoxic, multi-
functional inhibitors were developed and studied by the Air Force, specifi-
cally for protection of high strength aluminum and steel.

One formulation of interest to the Air Force is the rinse inhibitor
system developed for use at the automated rinse facility at MacDill AFB.
This material (termed AFIF, for Air Force Inhibiﬁor Formulation) is a non-
toxic, multifunctional blend of inhibitors which has provided good pro-
tection against cracs growth enhancement under stress corrosion and cor-
rosion fat.gue conditions. This inhibitor formulation was evaluated in the

research effort performed by GSRI.

B. General Approach and Rationale

The objective of this research program was to perform a pilot study on
the development of a paint-protective system containing a nontoxic, multi-
functional corrosion inhibitor, providing corrosion protection equivalent to
or greater than the chromate-containing system currently in use. A brief
overview of the general technical approach and rationale applied to the
solution of this problem is given in this section. In-depth discussions of
each stage are presented later in the report.

Initially, a state-of-the-art survey of nonchromate corrosion inhi-
bitors was performed to access the current literature and to avoid dupli-
cation of research already in published form. Also, any current, novel

strategies for use of these corrosion inhibitors were sought.

el




Then, evaluation of the various corrosion inhibitor systems was per-
formed via potentiodynamic anodic polarization studies on a Princeton 350
Corrosion Measurement System under different conditions of concentration and
PH. This procedure was applied in order to select the best corrosion inhib-
itor system meeting our requirements.

Once the candidate corrosion inhibitor was identified, three technical
approaches were implemented. Each approach had the aim of incorporating the
corrosion inhibitor within the primer matrix. Each of these methods repre-
sented a different approach for delivering the corrosion inhibitor in an
active state, and each method displayed a set of technical problems which
were peculiar to the methods and concepts involved.

The first technical approach was the microencapsulation of the corro-
sion inhibitor system by means of interfacial polymerization. An aqueous
solution of the corrosion inhibitor, a surfactant, and one of the reactant
monomers was emulsified in an immiscible organic phase, containing an addi-
tional surfactant. A water-in-oil emulsion was thus formed. To the contin-
uous phase of this emulsified system was added the other reactant monomer.
The polymerization reaction occurs at the interface between the discrete
H20 phase and the continuous organic phase, depositing the polymer product
around each of the water drops. Thus, the corrosion inhibitor was effec-
tively encapsulated within the surrounding polymer wall. The inhibitor
system used in the majority of these studies was the basic AFIF mixture.
Initially, a nylon 6,10 polymer membrane was used in microencapsulation, al-
though the polymer of interest later in the study was a polyurea formed from
toluene-2,4~diisocyanate and hexane-1,6-diamine. The average diameter of
these microcapsules was approximately 6 microns.

The second technical approach involved the attachment of corrosion
inhibitors as pendant groups along a polymeric backbone. In principle,
these modified polymers would then be incorporated into the primer matrix
prior to application. Release of the inhibitor group would occur by hy-
drolysis, as water penetrated into the primer matrix. The corrosion inhibi-
tors used in this part of the study were the borate and cinnamate anions.
The polymers used for the backbone in pendant §voup attachment were poly-
vinyl alcohol and methyl cellulose.

The third technical approach involved the direct physical entrapment of

the corrosion inhibitor within the primer matrix. The material was added to
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the polyamide component of the primer system and jar milled to the appropri-
ate fineness of grind. The primers formulated with the corrosion inhibitor
were then sprayed out on metal test panels and tested by the standard meth-
ods for salt spray, 100% relative humidity, and wet (tape) adhesion. The
primer composition was optimized to provide the best possible response to

the battery of test procedures.
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II. LITERATURE SURVEY OF CORROSION INHIBITORS

This research project was a pilot study for development of a nontoxic,
corrosion-inhibitive, epoxy-polyamide primer suitable for use on military
aircraft, providing approximately five years of protection against corro-
sion. The currently used corrosion inhibitor is SrCrOA, which is toxic to
both personnel and the environment. Therefore, the need to identify and
evaluate novel, nontoxic, corrosion inhibitors as potential chromate re-
placements is, and remains, paramount.

This section‘deals with the general classification of corrosion inhibi-
tors and the requirements for their effective use, as a prelude to the

literature survey for these materials.

A. General Comments on Organic Coatings

The primary functions of an organic coating are protective and decora-
tive, although the protective aspect is the main concern with military
aircraft primers. Decorative functions are usually more prevalent for coat-
ings systems used in commercial applications, although the two functions are
never entirely separated in any application. Perhaps the main feature of an
organic coating is that it serves as a type of membrane, or barrier, inter-
posed between the metal substrate and the environment. However, it is not
impervious to the environment, since water, oxygen, and many ionic species,
such as chloride anion, may penetrate through the coating matrix to the
metal surface (1-4). The driving forces in these cases may be simply dif-
fusion or those due to osmotic pressure gradients. It is inevitable that
any coating will be permeated by such chemical species, given enough time
and a source of the penetrants. Even coating systems designed to exclude
such deleterious molecules will eventually fail through mechanical damage,
weathering, and aging. Thus, the art and science of paint formulation
reside in developing a coating which forestalls this eventual failure,
through the judicious choice of paint raw materials, solvent vehicles, and
the use of scientific principles and techniques in every phase of the en-
deavor.

There are several general requirements that a paint should meet if it

is to provide protection against corrosion (5). It should form an effective
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barrier to vapor transmission and have a low permeability to small mole-
cules. This is best achieved through the use of multiple coating applica-
tions, which seal off pores and other film defects. Furthermore, the dif-
fusion path within the paint can be greatly increased through the addition
of pigments and extenders. Pigment geometry is also a consideration; flakes
of such particles which orient parallel to the metal surface are especially
effective for this purpose. The pigment chosen for the prime coat should
also be an effective corrosion inhibitor, in addition to its function of
hiding the metal surface. The requirement for pigment water solubility is
very specific; the pigment must be soluble enough to supply the minimum
effective concentration of inhibitor at the metal surface, but not so solu-
ble that it will leach out of the coating.

It must also be mentioned that the surface treatment of the metal prior
to coating application, as well as the film thickness, are as important to

the performance of the system as the paint formulation.

B. Classification of Corrosion Inhibitors

In a typical corrosion process there are two coupled electrochemical
reactions occurring simultaneously: the anodic and cathodic reactions.
The anodic reaction is the metal oxidation reaction, which involves the loss
of electrons (e-) by the metal (Mo) to form the metal ionms (Mn+), with

sub. :quent increase in its oxidation state,

o + -
M > MY+ ne
The cathodic reaction can be any one of many reactions and has the net
result of accepting the electrons made available in the anodic reaction.

The two most common reactions of this type are:

+
(1) reduction of hydrogen ions (H ) in the electrolyte to form hydro-

gen gas (Hz):

207 + 2" » H.; and

2
(2) reduction of oxygen in the electrolyte to form hydroxyl ions
(OH):

R




0, + 2H,0 + 4e” > 4OH .

The corrosion process takes place when at least one anodic and one
cathodic reaction occur simultaneously. For example, rusting of steel
involves the oxidation of iron to ferrous and ferric ions which react with
available oxygen or hydroxide to form ferrous and ferric oxides or hydrox-
ides. Corrosion of aluminum alloys occurs by a similar mechanism which
involves oxidation of Al and the formation of aluminum oxide or hydroxide as
the corrosion product. It should be emphasized that these corrosion pro-
ducts when first formed are thin, amorphous, physico-chemical barriers to
further corrosion. They are called '"passive layers" at this stage. How-
ever, their continued growth into crystalline, permeable layers renders them
ineffective as anti-corrosion barriers (5,6).

The control of corrosion can be achieved by modifying the anodic or
cathodic reaction, or both (6). Of the methods available for corrosion
control, the use of inorganic and organic substances as inhibitor additives
is widespread. Inhibitors which are effective in controlling both the
cathodic and anodic reactions of the metal are cailed multifunctional inhi-
bitors.

Corrosion inhibitors can be divided into three groups based on the
general mechanism of action: (1) anodic corrosion inhibitors, (2) cathodic

corrosion inhibitors, and (3) chelating agents.

1. Anodic Corrosion Inhibitors

The inhibitors which retard the anodic reaction are termed anodic
inhibitors. These materials are generally oxidizing agents and promote
passivation of the metal surface through the formation of metal oxide lay-
ers. They directly enhance anodic passivation through shielding part of the
anodic surface by (a) adsorption of the oxidizing agent by the metal surface
or (b) chemical oxidation of the metal surface. Examples of anodic inhibi-
tors are phosphates, chromates, polyphosphates, alkalis, silicates, borates,
benzoates, cinnamates, nitrates, nitrites, sulfates, perrhenates, permanga-
nates, tungstates, and pertechnetates (1,5,6). In addition to the oxidizing
anions listed above, some cationic species may also act as passivators, such
as Ca2+, Fe3+, and Ce“+ (7). 1t should be noted that some of these oxidiz-

ing inhibitors (e.g. borate) function as such only in the presence of oxygen

(5,6).
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2. Cathodic Corrosion Inhibitors

The cathodic corrosion inhibitors retard corrosion by accelerating
the cathodic process, thus shifting the overall potential of the system to
more positive potentials corresponding to the onset of passivity (6-8).

This shift is produced by increasing the effectiveness of cathodic depolari-

zation. Higher valence metallic cations may be considered inhibitors of
this type; in acidic media, many oxidizing ions of the type Meoz- and ni-

trates can also be considered as such inhibitors.

There is an intermediate class of inhibitors which inhibit the anodic
process as well as enhance the cathodic process. 1t is also possible that a
given anodic inhikitor, depending on conditions, can function by different
mechanisms. For example, in near-neutral media, chromates do not increase
the effectiveness of the cathodic process, and their strong inhibiting
effect for iron/steel is completely determined by direct anodic inhibition
(9). The same chromates in acid media are good cathodic depolarizers and

must be considered as inhibitors which retard the anodic process indirectly

by accelerating the cathodic process.

3. Chelating Inhibitors

A category of corrosion inhibitors currently attracting consider-
able attention are the chelating agents. Chelating agents have been studied
for possible use as corrosion inhibitors for steel, zinc, and aluminum in
various environments (10-14).

The chelating agents of interest are organic molecules with at least
two polar functional groups capable of binding to a metal cation. The
functional groups may be either Lewis bases, such as -NHZ, or Lewis acids,
for example, -COOH.

Protection of the metal surface by chelation occurs through two main
mechanisms. In the first type, the chelate either interacts with metal ions
which are locked into the metal lattice, or interacts with metal ions in the
surface oxide film. In the second type, the surface metal ions dissolve and
immediately react with the chelating agent at the metal interface, forming a
high molecular weight, low solubility complex which deposits as a barrier
film on the surface.

Examples of chelating inhibitors are sarcosine-type compounds, alizar-

in, a-mercaptoacetic acid compounds, and 8-hydroxyquinoline.
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C. Novel Nontoxic Inhibitors

This section is a description of a wide spectrum of chromate-free

nontoxic inhibitor formulations developed since 1975.

1. Phosphonocarboxylic Acid Compositions

One method for preventing corrosion consists of using an inhibi-
tion system based on phosphonocarboxylic acids (PCA) or their salts and
other synergistically active substances (15). Polyphosphates inhibit cor-
rosion by oxygen scavenging. But these are not stable over wide temperature
ranges and are hydrolyzed relatively easily into orthophosphates; thus,
their corrosion-inhibiting effect is impaired. The inhibitory action can be
enhanced by adding to the PCA about 5-500 percent by weight of the phos-
phonocarboxylic acid, a synergistic agent from the group consisting of a
benzimidazole derivative, polyacrylamide, polyethyleneimine, polyvinylpyr-
rolidone, and lignin sulfonate. The effect of the corrosion-preventing
system can be further enhanced by addition of phosphonic acid and phos-
phates. It was shown that a system, containing 40 ppm by weight phosphono-
butane-1,2,4-tricarboxylic acid, 15 ppm H3P04 and 1 ppm 2-(e-aminopentyl)-
benzimidazole, reduced the corrosion rate of St 35 carbon steel from
21 g/m2/day at room temperature to 0.4 g/mz/day.

A similar formulation (16) uses a compound selected from a group of

0O R
I
(HO)Z_ P~ C — COOH
CH2 COOH
or a corresponding water-soluble salt. R may be hydrogen, C1_4 alkyl, or
alkenyl; phenyl; C3-6 cycloalkyl; benzyl; phenethyl or
R R
l I vt
— CH—CH —R
where R' is hydrogen or C1-4 alkyl group or carboxyl;
R'' is hydrogen or methyl group;
R''' is carboxyl group.
9
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These phosphonocarboxylic acids are distinguished by their low phos-
phorous content, resistance to hydrolysis, and thermal stability compared
with conventional polyphosphates. The effectiveness of these compounds can
be improved by the addition of phosphonic acid or phosphates which have a
distinct synergistic effect.

A similar inhibitive effect was found using 1-phosphonopropane-
1,2,3-tricarboxylic acid; 2,3-diphosphonopropionic acid; 2 methyl-3-phospho-
nopropionic acid; 3-phosphonobutanoic acid; and 2-phosphonohexanoic acid

an.

2. Polyphosphate-phosphonic-polyacrylic Acid Compositions

A corrosion inhibition system consisting of a polyphosphate, a
phosphonic acid or one of its salts, and a polymer of acrylic or methacrylic
acid has been shown to be capable of operating at a wide variety of condi-
tions including high temperature and high pH. A typical 25 ppm composition,
consisting of 20 percent sodium hexametaphosphate, 8 percent of sodium salt
of amino-tri(methylene phosphonic acid), and 2 percent polyacrylic acid,
inhibits corrosion of SAE 1010 steel by 98 percenﬁ (18).

A similar composition of a phosphate and phosphonate along with a
homopolymer of maleic acid or maleic anhydride is effective at high pH
ranges. A 20 ppm composition of 15 percent sodium hexametaphosphate, &
percent amino(trimethylene phosphonic acid), and 1 percent hydrolyzed poly-
maleic anhydride inhibits the corrosion of 1010 steel by 90 percent at room

temperature and pH 8.5 - 9.0 (19).

3. Phosphonomethylamino Carboxylates

The use of phosphonomethylamino carboxylates (PMAC) with enhanced
corrosion inhibition by the addition of heavy metal ions of zinc or chro-
mates was found effective in cooling systems. However, a recent formulation
utilized certain phosphonomethylamino carboxylates either alone or in com-
bination to inhibit corrosion of metal surfaces (20). This system inhibits
corrosion of ferrous metals including iron and steel, nonferrous metals

including copper and its alloys, aluminum and its alloys, and brass.

10
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The PMAC formulation corresponds to the following:

0 z 0
M,0—P—CH-N—-Q—C—0H
oM,

3

M, : selected from the group consisting of hydro-

where Ml, Mz, 3

gen, metal ions, ammonium ions or alkyl ammo-
nium ions
C1_4 alkanol;

-CH2P03M1M2;

1-4 alkyl carboxylic acid;

1-10 alkaminomethylene phosphonic acid;

3-15

3-15
alkaryl radical.

C
C

Q: c alkylene;
C

alkenylene;

The PMAC corrosion inhibitors were effective in both acidic and basic
corrosive media. The minimum concentration for effective inhibition for
ferrous metals is 1-3 ppm and concentrations of 10-150 ppm were preferable
for all ferrous and nonferrous metals. The corrosion rate of 1010 AISI
steel was reduced from 45 mpy to less than 1 mpy in water at pH 7.0 and 35°C
by the use of 150 ppm of PMAC where Ml’ Mz, M, are hydrogen ions, and Q and

3

Z are (CH2)3 and (CH2P03H2), respectively.

4. Gluconate - Polyphosphate Mixtures

The use of a combination of water-soluble gluconate and water-sol-
uble polyphosphate inhibitors results in a synergistic improvement of cor-
rosion inhibition (21). Gluconate prevents the conversion of polyphosphates
into orthophosphates. The use of 100 ppm of a mixture of sodium hexameta-
phosphate and sodium gluconate in the ratio 70:30 reduces the corrosion rate
of 1020 steel specimens in water at 120°F to 2 percent of the value without

inhibitors present.
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5. Phenolic Resin - Polyphosphate Compositions

Linear, water-soluble phenol-aldehyde resinous condensation pro-
ducts have been shown to be good candidates for nonchromate, nontoxic cor-
rosion inhibitors for steel and other ferrous metals. However, at the
concentration required for effective corrosion inhibition, water-soluble
phenolic resins are relatively expensive. The addition of inorganic metal
salts permits inhibition at lower resin concentrations. Another class of
inhibitors is the polyphosphates, which include inorganic polyphosphates and
polyfunctional acid phosphate esters of polyols or phosphorylated polyols
(22).

6. Silicate - Nitrate Compositions

The inhibitor formulation containing a mixture of water-soluble
metasilicate and water-soluble nitrate with a total anionic concentration of
greater than 1,000 ppm and a ratio of (Siog-)/[(Siog-) + (No;)] between 0.15
and 0.20 displays a pronounced synergistic effect and is a good formulation

for inhibition against pitting and general corrosion of aluminum (5,6).

7. Carboxylated Benzotriazoles

The use of triazoles, especially benzotriazole, as an anticorro-
sive agent is common. The use of carboxylated benzotriazoles reduces the
effective concentrations required. The use of 500 ppm of the substance
yields a corrosion inhibition efficiency of 91 percent for steel and 80

percent for aluminum (6).

8. Orthophosphate - Polyphosphate Combinations

The synergistic effect of orthophosphate buffers like phosphoric
acid or sodium dihydrogen orthophosphate greatly reduces the concentration
of a polyphosphate such as hexametaphosphate required for use as a corrosion

inhibitor (23).

9. Sulfonium Compounds

Sulfonium compounds have been shown to be useful corrosion in-
hibitors at low pH and at concentrations of 2-4 m mol/l for steel (24-26).

Typical compounds belonging to this category are nitrobenzyldimethylsulfon-

12
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ium chloride, nitrobenzyl-dodecylmethyl sulfonium chloride, and fluoroben-
zyldodecylmethyl sulfonium chloride. These compounds yield 70-99 percent

protection against corrosion of steel.

10. Nitrite - Phosphoric/Boric Esters

Phosphoric or boric esters have a synergistic effect over the in-
hibition behavior of sodium nitrite (27). Several mono-, di-, and triesters
of poly-oxyethylene nonylphenyl phosphate and polyoxethylene-bis-glycerol
borate, when added to NaNO2 as 10 percent additives, inhibit corrosion of
steel at a concentration of 0.5 percent at high pH and high Cl1 concentra-

tions. The use of Ca(N02)2, NaNO and Ca(N03)2 in cement to inhibit cor-

2)
rosion of steel is well known.

11. Molybdate Compositions

Several grades of zinc molybdate compositions as sodium, potassi-
um, and ammonium zinc molybdates are commercially available under various
trade names. These nontoxic corrosion inhibitors are comparable in cost and

effectiveness to conventional zinc yellow (potassium zinc chromate) (28-31).

12. Multicomponent Inhibitor Formulations

A composition based on polyvinylbutyral resin, organo functional
silane, borate compounds, polyphosphate compounds, and phosphonic acid, when
used as a wash primer, protected steel and aluminum from corrosion in out-
door exposure tests up to six months (32).

A corrosion inhibitor formulation for use in a primer utilizing zinc
borate (4Zn0-6B_.0 -7H20) and barium metaborate is commercially available

2°5
from PPG Industries (33).

13. Calcium-silico-zirconate Inhibitor

A new type of corrosion inhibitive primer utilizes calcium-silico-
zirconate inhibitor in concentrations ranging from 0.1 to 65 percent by
weight. A mixture of zircon and limestone is calcined at a temperature of
1500°C and the calcined mixture is pelletized, resulting in calcium-
silico-zirconate inhibitor of formula XnCa0°SiOZ°Zr02. When this inhibitor
was used in a marine primer coating, its inhibitive effect was far superior

to the conventional zinc yellow pigment (potassium zinc chromate) (34).

13
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14. Formulation Based on Nitrite, Benzoate, Amine, and Urea

Several types of water-soluble formulations based on alkali metal
nitrites, ammonium benzoates, alkylalkanolamine, and nitrogenous base mater-
ials were tested for passivation of ferrous metals (35). The following
compositions were found effective on these metals:
1. urea 25%, ammonium benzoate 25%, sodium nitrite 25%, and
aminoethylethanolamine 25%.

2. urea 30%, sodium nitrite 30%, ammonium benzoate 15%, and
aminoethylethanolamine 25%.

3. guanidine 25%, sodium nitrite 25%, ammonium benzoate 25%, and
aminoethylethanolamine 25%.

4, urea 25%, sodium nitrite 25%, ammonium benzoate 25%, and di-
methyl-aminopropanolamine 25%.

S. aminomethylethanolamine 25%, urea 30%, sodium nitrite 30%,
and ammonium benzoate 15%.

6. aminoethylethanolamine 15%, sodium nitrite 35%, urea 35%, and

ammonium benzoate 15%.

15. Nitrate, Phosphate, Benzotriazole, Borate, and Silicate Composi-

tions
Several experimental multicomponent, water-soluble, nontoxic com-
positions were tested for passivating steel and aluminum for use in solar
heating and cooling systems and the following compositions (concentrations
in decigrams/liter; MBT - mercaptobenzothiazole, NaMBT - 50 percent solution
of mercaptobenzothiazole) were found to be effective (36-39):
1. 1.0 NaNO_,, 2.0 Na_PO -12H20, 2.5 NaMBT, 3.0 Na_B O

3’ 3 74 2°4° 7

1.0 Na2 SIO3°9H20, 1.0 NaOH (General Motors formulation).

2. Same as #1, without NaOH.
3. 1.4 N32HP04’ 2.4 MBT, 6.2 NazB‘.O7 (Federal Specification
0-1-490A for cooling system inhibitors).

4. 20.0 sodium benzoate based Mobay Product 0C2002 (proprietary

formulation).
5. 30.0 Nalco 2755 (proprietary formulation).
6. Nalco 39L (proprietary formulation).
7. 2 NaN03, 2 NaNOz, 2 NaSPOQ.HZO’ 4 Nazsi03'9H20.
8. 1 NaNO3, 1 Na3P04°12H20, 1.5 NaZSiOS'QHZO, 1.5 NaMBT.
9. 2 NaNOa, 2 Na3P04'12H20, 3 NaZSi03'9H20, 1 NaMBT.

14




l0. 2 NaN03, 1 NaNOz, 2 Na3PO“ 12H o0, 3 N328103'9H20, 2 NaMBT.

11. 2 NaNO3, 1 NaNOz, 0.5 H3P04, 3 N328103'9H20, 2 NaMBT.

12. 2 NaNO3, 2 Na3PO4 12H 0, 2 Na BA 70 2 Na28103'9H20, 2 NaMBT.

13. 2 NaNO3, 1 NaNOz, 2 Na3PO 12H 0, 1 Na B4 79 2 N328103'9H20,
2 NaMBT.

16. Piperidine, Piperazine

In addition to the above categories, hydrazine hydrate, piperi-
dine, and piperazine were also found to be effective in inhibiting corrosion

of high strength alloys (36,37,39).
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III. EVALUATION OF CORROSION INHIBITORS

A. General Comments

In this section, the results of the experimental evaluation of corro-
sion inhibitors for steel 4340 and aluminum 2024 alloys are presented. For
each alloy-inhibitor combination, a potentiodynamic anodic polarization
experiment was obtained, along with a pH measurement of the inhibitor solu-
tion. Equilibrium (open circuit) potential vs time plots were also recorded
for selected inhibitors. Before the presentation and analysis of the exper-
imental results .in Part C, a description of the potentiodynamic anodic
polarization method will be given in B, and the general interpretative

scheme outlined.

B. Potentiodynamic Polarization Evaluation of Inhibitors (5,6)

When a metal or alloy is in contact with a corrosive environment, the
sample functions as both anode and cathode, since oxidative and reductive
processes will be occurring simultaneously on the surface . Under these
conditions, where there is no net current flow through the cell (i.e., open
circuit conditions), the metal assumes a mixed potential value which is
intermediate between that of the anodic and cathodic reactions; this is
known as the corrosion potential, Ecorr' Since there is no net current flow
at this potential, the rates of the anodic and cathodic processes must be
equal. As mentioned previously, the anodic process usually involves metal
oxidation followed by ionic dissolution, while the cathodic process involves
reduction of H+ or O2 in the solvent to form Hz or OH-, respectively. Even
though the sample is at the mixed potential value of Ecor , the anodic
process represents the primary mechanism in the corrosion of metal. From
considerations basic to electrochemical phenomena and Faraday's Law, the
rate of the anodic process may be equated with the rate of the corrosion

process;
corrosion rate « Ic (at E ),

orr corr

where I is the current density.
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Thus, the study of the corrosion process may be identified mainly with
the study of the anodic process at the surface of the metal. However, to
study the corrosion process of a metal under open circuit conditions is
extremely difficult (if not impossible), due to simultaneous occurrence of
the cathodic process, and the polarizing effects on the cell caused by
attempts to make electrochemical measurements.

To study the corrosion process in such a complex situation, the poten-
tiodynamic polarization method was developed. In this method, an external
voltage source is employed to drive the potential of the metal away from
Ecorr in both anodic and cathodic directions. The extent of the departure
of the metal's potential from Ecorr is defined as the polarization. Depend-
ing upon the direction (+/-) and extent of this polarization, either the
anodic or cathodic process may be enhanced in magnitude, with simultaneous
suppression of the other. This allows the study of either the anodic or
cathodic process as a separate phenomenon. Due to the different natures of
the anodic and cathodic reactions, not all of the variables which affect one
process will necessarily affect the other. The potentiodynamic polarization
method facilitates study of such factors which affect only one of the cell
reactions.

At potentials more positive than Ecorr’ the anodic current is increased
and the cathodic current is suppressed (anodic polarization). At potentials
more negative than Ecorr’ the cathodic current is increased and the anodic
current is suppressed (cathodic polarization).

The effects of environmental changes such as temperature, pH, and
corrosion inhibitor type and concentration may be studied on a comparative
basis, and inferences drawn concerning the corrosion behavior of the metal
in that environment. Not only may a given metal be studied in different
environments, but a series of metals may be examined in a specific environ-
ment of interest.

An idealized potentiodynamic anodic polarization diagram is given in
Figure 1. Region A represents the active region of the metal response.
Oxidation of the metal gives rise to metal ions in the solvent medium
M~ M* + e-). The oxidation of the metal increases greatly in this poten-
tial range, as indicated by the increase in the current density. The pro-
portionality relationship between measured current and the concentration of

conducting metal ions in solution accounts for this observed behavior.
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Figure 1. An idealized potentiodynamic anodic polarization plot.

18

e




Point B corresponds to initial formation of the passive oxide layer
over the metal surface. The potential at this point is the primary passive
potential Epp’ and Ic is the critical amodic current density. The passive
film builds up rapidly as the potential scan enters into region C; passiva-
tion is well underway here, with significant changes in the response curve.

Region D corresponds to passivation of the metal surface, characterized
by the passive current density Ip over a specified potential range. The
rate of metal oxidation is at its lowest value here; the metal oxidation and
dissolution phenomena occur less readily here than in any other region, due
to formation of the protective oxide.

Region E is £he transpassive zone, where the passive layer breaks down;
EB is called the breakdown potential. Higher valence oxidation states of
the metal (M - M+2 + 2e-) tend to occur in this region.

In Figure 1, the corrosion potential Ecorr is shown. By definition,
the rates of the anodic and cathodic processes are equal at this point.
This implies that Ecorr is a point of intersection between the anodic and
cathodic polarization curves, even though the cathodic process is suppressed
during potentiodynamic anodic polarization, and otherwise not observed.

Figure 2 shows some possible types of cathodic response for these
systems. Here A represents the anodic polarization curve, and Cl’ C2, C3,
CA, C5 are the corresponding cathodic polarization curves for either (1)
increasing inhibitor concentration in solution for a given inhibitor com-
pound, or (2) the cathodic responses for a series of different inhibitor
compounds. The points of intersection with the anodic polarization curve
show how Ecorr may vary over the potential range of the experiment. Such
shifts in the Ecorr value are an important feature when evaluating corrosion
inhibitor performance.

The analysis of anodic and cathodic polarization curves, along with
other related types of experiments, is complex. Thus, to make predictions
of long term corrosion behavior based on such short term, accelerated test-
ing procedures as these may not be reliable. However, comparative studies
may be made on adding corrosion inhibitors into the metal/solution environ-

ment, and qualitative and quantitative changes in the anodic polarization

response may be observed. First the anodic polarization curve of the blank
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is obtained. Then, with the corrosion inhibitor added, the anodic polariza-
tion curve for the new enviromment is run, preferably displayed on the same
scale and graph as the control run. A number of features from such experi-
ments are of interest: (1) presence or absence of passivation region I ,
and its potential range, (2) shifts of Epp’ (3) values of Ic’ (4) shifts of
Ecorr’ and (5) regions of increased or decreased metal oxidation as a func-
tion of potential. The availability of open circuit potential values for
these metal-enviromment systems helps determine the actual in-service res-
ponse of these systems with respect to corrosion and inhibition phenomena.

Thus, the potentiodynamic anodic polarization experiment provides a
quick and relatively easy method for the initial screening of a series of
corrosion inhibitors, insofar as such a relative assessment of corrosion
inhibitive effects is valid for long term use in complex corrosive environ-

ments.

c. Analysis of Corrosion Inhibitors

Aluminum alloy 2024-T3 and hot-rolled 4340 steel were obtained as rods
of 1.27 cm diameter from Reynolds Aluminum Company and Earl M. Jorgensen
Company, respectively. A cylindrical section of diameter 1.27 cm and height
9.5 cm was mounted in cold-cure epoxy with one circular face of the sample
exposed. The mounted sample was drilled and tapped on the opposite end to
fit a standard sample holder for electrochemical measurements. The sample
preparation included a 600-grit final grinding followed by rinsing in dis-
tilled water immediately before electrochemical evaluation.

A Princeton 350A Corrosion Measurement System, made by Princeton Ap-

plied Research, was used to obtain the potentiodynamic anodic polarization

data. The general settings and conditions for the anodic polarization runs
were:
Start potential: -1000 mV (SCE) for 4340 steel
-1500 mV (SCE) for 2024 aluminum
Final potential: -250 mV (SCE) for 4340 steel
~500 mV (SCE) for 2024 aluminum
Scan rate: 1 mV/sec
Auxillary electrode: bright platinum
Reference electrode: saturated calomel
Sample area: 1.267 cm?
Cell temperature: ambient (~25°C)
Electrolyte solution: 5% NaCl in deionized water
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1. 4340 Steel
The results of the potentiodynamic anodic polarization experiments
for 4340 steel are summarized in Table 1. Results for each inhibitor candi-
date are detailed in the following sections.

a. AFIF and Its Components. The potentiodynamic anodic polarization
(PAP) curves for 4340 steel with and without the AFIF mixture are shown in
Figure 3.

The control curve displays significant metal oxidation over the entire
potential scan region. This type of response is characteristic of an unpro-
tected system, and metallic corrosion would be expected. Recall that the
extent of metal éxidation and dissolution at a given potential is propor-
tional to the current demnsity (I, A/mz), or to the current (i, A).

The addition of AFIF to this system greatly reduces the metal activity
in the potential region -480 mV to -550 mV. The essentially flat portions

of the curve (g% ~0) correspond to passive film formation upon the metal

surface. This barrier protects the metal from the oxidative dissolution
process, and represents the desired feature when using this type of cor-
rosion inhibitor. The passivation current density (Ipass’ A/mz) is a mea-

sure of the relative effectiveness of this film in reducing metal activity,
as is the width, A¢ (mV), of the passivation region. The 30 min exposure
increases A¢ and decreases Ipass’ which is consistent with an increased
integrity of the passive film layer at longer exposure times. Shifts are
also observed in the Ecorr values of the AFIF systems in the positive direc-
tion relative to Ecorr for the control. Such shifts to more positive poten-
tials take ECorr away from the region of increased metal reducing activity,
and reflect a state of greater corrosion protection.

The open circuit potential value (Figure 4) of the control (-540 *
20)falls positive to the general value of Ecorr (-630). A similar response
would be expected for the AFIF formulation. Thus, the AFIF is a promising
choice for a corrosion inhibitor, and should be tested further in long term
experiments.

The PAP curve for (NaPO3)6 is given in Figure 5. There is no passiva-
tion region observed for this inhibitor. The Ecorr values are shifted
positive relative to the control value, which is favorable. For the poten-
tial region between -600 mV and -425 mV, there is reduced metal activity,

with the 30 min exposure providing somewhat lower activity than the others.
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Figure 3.

Potential [mV(SCE)])

Current vs. potential for potentiodynam}c polarization experi-
ment with 4340 steel sample of 1.267 cm” surface area in 5%
NaCl electrolyte solution: -— control; - - - with AFIF;
—— - — after 30 min exposure to inhibitor formulation.

26

A

'
Sma A

LA ool



'450‘rlrrlirlllllllllrlflrlrr
= 1
500 - -
: _ _
S B (%) |
] o
o o -
' -5505_ o —
a - ’
N
:E [~ p—
T —
= - -
-
& - p—
g | a
)
I~ - -
E  _e501— —
"ﬂ [ o _
Kal
::: | -]
‘g L_ —
5 [ N
_700}— —]
. - ]
[ _750}— —
- - :
NN IR NN NN R

50 100 150 200 250

r Time (hours)

f Figure 4. Equilibrium potential vs. time for chronopotentiometric experi-
ment with 4340 steel in a 5% NaCl solution,

(o]

27




. 50.0 T | T | T T
10.0
1.0
=
E
-
<]
o
¥
~
]
(&)
0.1
: 0.01
F
3
| J
g
0.001 1 1 Y I ] I
o -250 -300 =400 -500 -600 -700 -800 -900
Potential [mV(SCE)]
Figure 5. Current vs. potential for potentiodynam}'c polarization experi-
‘ ment with 4340 steel sample of 1.267 cm” surface area in 5%
b NaCl electrolyte solution: control; - - - with 20 ppm
P (1‘1.211’03)6 inhibitor; ___ . after 30 min exposure to inhibitor.
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This compound may be useful as a corrosion inhibitor, probably more so when
used in a mixture of other inhibitors.

The PAP plot for NaNO, is shown in Figure 6. A passivation region is

not observed for this inhgbitor. Reduced metal activity is apparent over
the potential range from -620 mV to -400 mV, with the 30 min exposure pro-
viding the best response. The shift of the Ecorr values of the AFIF systems
in the negative (cathodic) direction relative to the control is somewhat
disturbing, since the shift is into a region of increased metal dissolution.
The open circuit potential for the nitrate system is shown in Figure 7. The
nitrate is probab}y effective as a corrosion inhibitor.

The PAP curve for 2-mercaptobenzothiazole is displayed in Figure 8.
This compound alone does not work as a corrosion inhibitor for 4340 steel,
since the control shows more reduced metal activity than that with the
2-mercaptobenzothiazole.

The PAP curve for N32B407'10H20 is shown in Figure 9, and the open
circuit potential curve in Figure 10. The Ecorr of the inhibitor system is
shifted positive to that of the control, which is good. The passivation
region extends from approximately -675 mV to -380 mV. Ipass for the inhi-
bitor system is significantly lower than I values along the control curve.
This compound is effective as a passivating corrosion inhibitor for 4340
steel. Na,B,0_+10H,0 is the major component (wt %) of the AFIF mixture.

27477 2
The PAP curve for Na_SiO -9H20 is given in Figure 11. Only the system

with 30 min exposure to tie iihibitor showed a passive zone, and it is very
narrow (~50 mV). Although the Ecorr values are shifted favorably toward the
positive direction, it is questionable if this compound may be considered a
good corrosion inhibitor for steel. The open circuit potential curve is
shown in Figure 12.

The PAP plot for NaN02 is given in Figure 13. The system with 30 min
inhibitor exposure has a passive zone between -480 mV and -350 mV; Ipass is
lower than any I value on the other two curves in this region. The NaNO2
system (without time exposure) shows reduced metal activity in the same
region, but did not quite form a passive zone. This compound is probably an
effective corrosion inhibitor for steel.

b. Hydroxyquinoline. The PAP curve for hydroxyquinoline is shown in

Figure 14. An apparent passivation zone is observed in the cathodic region
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Current vs. potential for potentiogynamic polarization experiment
with 4340 steel sample of 1.267 cm” surface area in 5% NaCl
electrolyte solution: control; - - - with 0.1% NaNO, in-
hibitor; —_ . . after 30 min exposure to inhibitor.
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Current vs. potential for potentiodynaméc polarization experi-

ment with 4340 steel sample of 1.267 cm” surface area in 5%
NaCl electrolyte solution: control; - - - with 10 ppm 2~
mercaptobenzothiazole inhibitor.
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Figure 9. Potential vs. current density for potentiodynamic polarization
experiment with 4340 steel in 5% NaCl electrolyte solution:

(1) control; (2) with 0.35% Na2B407-10H20 inhibitor.
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Current vs. potential for potentjodynamic polarization experi-
ment with 4340 steel of 1.267 cm surface area in 5% NaCl

electrolyte solution: control; - - - with 0.05% NaNO2 in-
hibitor; . __ after 30 min exposure to inhibitor.
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electrolyte solution: . control; - - - with 0.1% hydroxy-
quinoline.
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from -1000 mV to -760 mV, with a very low Ipass‘ The region between -760 mV
to -690 mV represents some oxidation process which is occurring (unknown
nature). This compound could be a very effective corrosion inhibitor for
steel. The potential region from -600 mV to -400 mV shows no real improve-
ment in corrosion protection over that of the control.

c. 2-Propyn-1-0l. The PAP curve for 2-propyn-l-ol is given in Fig-
ure 15. This compound is an effective passivating inhibitor, with a passive
zone from -680 mV to -570 mV. Even in the transpassive zone (beyond
-570 mV) the metal reducing activity is still greatly decreased in com-
parison with the control. The Ecorr value is also shifted favorably toward
more positive values.

d. (NHA)ZMOOA' The PAP curve for (NH4)2M004 is shown in Figure 16.
The Ecorr value is shifted significantly toward positive values, although no
passivation zone is observed. Reduced metal activity is observed with the
inhibitor in the region from -660 mV to -500 mV. This compound would pro-
bably work as a corrosion inhibitor (it depends upon the open circuit poten-
tial, of course). ‘

e. NHANOZ' The PAP curve for NH4NO2 is displayed in Figure 17. This
is a passivating inhibitor, and is effective over a very wide potential
region, -550 mV to -150 mV. This is an excellent corrosion inhibitor.

f. MgSiF6'6H20. The PAP curve for MgSiF6-6H20 is shown in Figure 18.
This compound is not an inhibitor at all; the control is much better.

g NHAHB407-3H20. The PAP plot for NH4H8407~3H20 is shown in Fig-
ure 19. This compound displays an apparent passive zone from approximately
=750 mV to -390 mV, although the Ipass value seems fairly large. The Ecorr
is shifted positively over the control. This compound would be effective as
a corrosion inhibitor.

h. 1-Ethynyl-l-cyclohexanol. The PAP curve for l-ethynyl-l-cyclo-
hexanol is shown in Figure 20. Reduced metal activity is observed over the
range corresponding to -760 mV to -525 mV. However, this is not technically
a passive zone, since it occurs on the cathodic side of Ecorr' This Ecorr
value is shifted significantly into the anodic region. This compound might
work as a corrosion inhibitor, though not a passivator.

i. 3,5-Dimethyl-1-hexyne-3-o0l. The PAP curve for 3,5-dimethyl-1-

hexyne-3-0l1 is given in Figure 21. There appears to be a passive zone in

the region between -720 mV and -575 mV, and reduced metal activity is ob-
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Potential vs. current <ensity for potentiodynamic polarization
experiment with 4340 steel in 5% NaCl electrolyte solution:
(1) control; (2) with 1% 2-propyn~l-ol inhibitor.

40

_

ik




.

Potential [V(SCE)]

Figure 16,

-0.370

L
1

-0.510

-0,650 |-

-0.790 |-

-0.930 -

10t 102 10° 10 100 10°

Current Density (nA/cmz)

Potential vs. current density for potentiodynamic polarization
experiment with 4340 steel in 57 NaCl electrolyte solution:

(1) control; (2) with 0.1% (NHA)ZMOOA'
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Figure 17.
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Potential vs. current density for potentiodynamic polarization
experiment with 4340 steel in 5% NaCl electrolyte solution:
(1) control; (2) with 0.1% NH4N02 inhibitor.
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Potential vs, current density for potentiodynamic polarization
experiment with 4340 steel in 5% NaCl electrolyte solution:
(1) control; (2) with 1% MgSiF6-6H20.
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Figure 19. Potential vs. current density for potentiodynamic polarization
experiment with 4340 steel in 5% NaCl electrolyte solution:

(1) control; (2) with 0.35% NHAHB407°3H20.
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Figure 20.
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experiment with 4340 steel in 5% NaCl electrolyte solution:
(1) control; (2) with 0.1% l-ethynyl-l-cyclohexanol.
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Potential vs. current density for potentiodynamic polarization
experiment with 4340 steel in 5% NaCl electrolyte solution:
(1) control; (2) with 1.0% 3,5-dimethyl-1-hexyne-3-ol.
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served between -720 mV and -450 mV. The Ecorr of the inhibitor system is

shifted positively. This compound could possibly serve as a corrosion
inhibitor.
j. Sarcosine. The PAP curve for sarcosine is shown in Figure 22.

Curves for the inhibitor and control systems are practically superimposed.
Sarcosine is apparently not a corrosion inhibitor.

k. Alizarin-Red-S. The PAP curve for alizarin-red-S§ is given in
Figure 23. Ecorr for the inhibited system is shifted anodically. No passi-
vation zone is observed. However, reduced metal activity is seen from
-700 mV to -100 mY. This compound may be a reasonable corrosion inhibitor,
although not a passivator.

1. Sodium Sarcosine. The PAP curve for sodium sarcosine is given in
Figure 24. This is not really a passivating inhibitor, although there is a
small region, about 90 mV wide, which does have some of the characteristics
of a passive zone. There is reduced metal activity from -700 mV to -400 mV.
The Ecorr of the inhibitor system is shifted cathodically, which is not
favorable. This compound does have some usefulness as a corrosion inhi-
bitor. .

m. Sodium Cinnamate. The PAP curve for sodium cinnamate appears in
Figure 25. This is an excellent corrosion inhibitor, which has Ecorr anodi-
cally shifted, a passive region from -700 mV to -500 mV, and reduced metal
dissolution activity over much of the remainder of the curve.

n. Potassium Cinnamate. The PAP curve for potassium cinnamate is
shown in Figure 26. Ecorr is shifted slightly in the anodic direction, and
an oxidation process (mechanism unknown) is occurring between -700 mV and
=550 mV. What could be termed a passive zone lies between -525 mV and
-425 mV, although it is somewhat narrow. Reduced metal activity may be
observed over much of the potential region from -650 mV to -300 mV. This
compound is a good corrosion inhibitor.

o. Mercaptoacetic Acid. The PAP curve for mercaptoacetic acid is
given in Figure 27. ECorr is cathodically shifted, with a passivation zone
between -700 mV to -525 mV. This compound probably would serve as an ade-
quate corrosion inhibitor, depending upon the open circuit potential of the
system. The low pH of this inhibitor system is an unusual feature, which

must be taken into account in the service application of this material.
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Potential vs. current density for potentiodynamic polarization
experiment with 4340 steel in 5% NaCl electrolyte solution: o
(1) control; (2) with 1% sarcosine.
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Figure 23. Potential vs. current density potentiodynamic polarization
experiment with 4340 steel in 57 NaCl electrolyte solution:
(1) control; (2) with 1% alizarin-red-S. T
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experiment with 4340 steel in 5% NaCl electrolyte solution:
(1) control; (2) with 1% sodium sarcosine.
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Potential vs. current density for potentiodynamic polarization
experiment with 4340 steel in 5% NaCl electrolyte

(1) control; (2) with 1% sodium cinnamate.
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Figure 27. Potential vs. current density for potentiodynamic polarization

experiment with 4340 steel in 5% NaCl electrolyte solution:
(1) control; (2) with 0.1% mercaptoacetic acid.
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p- Na2M004-2H20. The PAP plot of NaZMoO4 2H20 is shown in Figure 28.

This compound is an effective passivating corrosion inhibitor. Ecorr is
anodically shifted, and the passivation 2zone extends from approximately
-725 mV to ~375 mV. Metal dissolution activity is significantly reduced
over this region.

q. 471-1 (0.35% NHAHB407-3H20, 0.10% NaN03, 0.05% NaNOZ, 0.01%
NaZSiO3'9H20, and 20 ppm (NaPO3)6). The PAP curve for 471-1 is displayed in
Figure 29. Ecorr is anodically shifted, and a wide passivation zone lies
between -650 mV and -350 mV. This material appears to be a good corrosion
inhibitor, comparable in many ways with AFIF.

r. 471-2 (i% 2-propyn-1-o0l, 0.5% NH3N02, and 0.5% NaNOz). The PAP
curve for 471-2 is given in Figure 30. ECorr is shifted significantly in
the anodic direction relative to the control, and a passivation zone extends
from -475 mV to -100 mV. This material would function as an effective
corrosion inhibitor, similar to AFIF.

s. 471-5 (0.01% N32B407°10H20, 0.1% mercaptoacetic acid). The PAP
curve for 471-5 is shown in Figure 31. There is essentially no change in
the Ecorr value relative to the control. A paséivation zone extends from
-720 mV to -500 mV. This inhibitor could function well under the right
circumstances, although its behavior appears more restricted than the other
mixtures studied.

t. 471-6 (0.35% N323407°10H20, 0.1% NaNOS, 0.05% NaNOZ, 0.01%
NaZSiO3°9H20, and 20 ppm (NaP03)6). The PAP curve of this inhibitor is
shown in Figure 32. The control outperforms the inhibitor in the region
from -1000 mV to -800 mV. An apparent oxidation process may be occurring in
the region from -675 mV to -575 mV. A narrow passivation zone extends from
=575 mV to -375 mV. The Ecorr is anodically shifted relative to the con-
trol. This mixture would most 1likely perform as an effective corrosion
inhibitor.

u. 471-8 (0.5% potassium cinnamate, 0.1% NaNOz, and 0.02% (NaP03)6).
The PAP curve for 471-8 is shown in Figure 33. The region from -1000 mV to
-825 mV shows the control outperforming the inhibitor. However, a passiva-
tion zone lies between ~-650 mV and -350 mV, where reduced metal dissolution
is observed. Ecorr is shifted anodically relative to the control. This
material would probably function effectively as a corrosion inhibitor for

steel. The open circuit potential behavior is shown in Figure 34.
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Figure 28. Potential vs. current density for potentiodynamic polarization
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Potential vs. current density for potentiodynamic polarization
experiment with 4340 steel in 5% NaCl electrolyte solution:
(1) control; (2) with Formulation 471-2.
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Potential vs. current density for potentiodynamic polarization
experiment with 4340 steel in 5% NaCl electrolyte solution:
(1) control; (2) with Formulation 471-5.

58




Potential [V(SCE)]

Figure 32.

-0.100 |
-0.300 [~
-o.soo‘k
-0.700 [~
-0.900 [~

10t

Current Density (nA/cmz)

Potential vs. current density for potentiodynamic polarization
experiment with 4340 steel in 5% NaCl electrolyte solution:
(1) control; (2) with Formulation 471-6.
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Figure 33. Potential vs. current density for potentiodynamic polarization
experiment with 4340 steel in 5% NaCl electrolyte solution:
(1) control: (2) with Formulation 471-8.
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v. 471-9 ((0.5% potassium cinnamate, 0.15% NaNO
0.1% 3,5-dimethyl-1~hexynol, and 0.02% (NaPO

2 0.05% Na2M004°2H20,
3)6)' The PAP curve for 471-9
is shown in Figure 35. The behavior of this inhibitor is very similar to
that observed for 471-8. This material would also serve as a good corrosion

inhibitor. The open circuit potential curve is given in Figure 36.

2. 2024 Aluminum

The results of the potentiodynamic anodic polarization experiments
for 2024 aluminum are summarized in Table 2. Results for each inhibitor
candidate are detailed in the following sections.

a. AFIF and‘its components. The potentiodynamic anodic polarization
curve for AFIF and 2024 aluminum is shown in Figure 37. Passive oxide
layers are obviously present in all three runs, as may be observed in the
potential region from -1050 mV to -600 mV. However, the presence of AFIF
significantly increases the passive current density relative to the control,
although the passive film still appears to exist. An increased exposure
period has little effect on the system. The corgosion potential, Ecorr’ is
shifted cathodically upon AFIF addition. The open circuit potential curves
are shown in Figures 38 and 39. Several basic facts pertaining to the cor-
rosion of aluminum are useful in interpreting these results. An aluminum
metal surface forms a protective aluminum oxide passive film layer upon
exposure to water, with or without the presence of dissolved 02. Also,
aluminum corrodes at both acidic and basic pH values, with a relatively
reduced response from pH 4-8. The presence of chloride anions causes pit-
ting corrosion, with other added anions sometimes performing as pitting
corrosion inhibitors.

Thus, even though passive film formation may be apparent in a PAP
experiment with a given corrosion inhibitor candidate, it must still be
checked against the control in water with 0% inhibitor. 1In this case, the
criterion for effective corrosion protection depends upon the relative
magnitude of the passive current density values (the lower the better).

The results for AFIF and 2024 aluminum may be interpreted within this
general scheme. The control run shows passive film formation ot aluminum
oxide in the presence of water, at a relatively low passive current density.

The addition of AFIF also shows passive film formation, although at a much

higher passive current density value. The control sample performs better as
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Potential vs. current density for potentiodynamic polarization
experiment with 4340 steel in 5% NaCl electrolyte solution:
(1) control; (2) with Formulation 471-9,
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Figure 37.
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Current vs. potential for potentjodynamic polarization experi-
ment with alloy 2024 of 1.267 cm™ surface area in 5% NaCl
electrolyte solution: control; - - - with Air Force in-
hibitor formulation; - . __ after 30 min exposure to Air
Force inhibitor formulation.
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Figure 39. Equilibrium potential vs. time for chronopotentiometric
experiment with aluminum allov 2024 in a 5% NaCl solution
containing AFIF.
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a corrosion inhibitor than does the AFIF. Most likely, the incxease in pH
upon AFIF addition disrupts (or dissolves) a portion of the aluminum oxide
film, thus allowing metal contact with the environment and promoting the
anodic process of metal oxidation and dissolution. There would be no advan-
tage in using AFIF in this type of environment. AFIF cannot be considered a
corrosion inhibitor for aluminum 2024 in aqueous contact.

The PAP curve for Na23407°10H20 is shown in Figure 40 (open circuit
potential curve in Figure 41). The results are similar to those for AFIF,
with the passive current density for the control being less than for the
Na23407°10H20 addition. This material is not a corrosion inhibitor for
aluminum 2024.

The PAP curve for Na28103'9H20 is given in Figure 42. The current
loops observed render this system highly questionable for corrosion protec-
tion relative to the control. No real passive layer is observed with this
material.

The PAP curve for NaNO2 is shown in Figure 43 (open circuit potential
curve in Figure 44). This compound appears to be an effective corrosion
inhibitor, with a reduced value of the passive c&rrent density Ip observed.

The PAP curve for NaNO3 is given in Figure 45. No improvement over the
control is observed with this material (the open circuit potential curve is
shown in Figure 46).

The PAP curve for (NaP03)6 is given in Figure 47, and the response
curve is essentially superimposed over the control curve; no effect.

The PAP curve for 2~-mercaptobenzothiazole is shown in Figure 48, and it
is basically equivalent to the control curve. No improvement is observed
with this material.

b. Hydroxyquinoline. The PAP curve for hydroxyquinoline is shown in
Figure 49. No effect may be observed with this compound, when compared to
the control.

c. 2-Propyn~1-0l. The PAP curve for 2-propyn-1-ol is given in Fig-
ure 50. This compound does not perform as well as the control, and may not
be considered as a corroson inhibitor for 2024 aluminum.

d. (NH HoOa). The PAP curve for (NHA)ZHOOA is shown in Figure 51.

6)2
This compound does not passivate the metal, and the metal oxidation process

is enhanced over the control over much of the potential region. This com-
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Figure 40. Potential vs. current density for potentiodynamic polarization
experiment with aluminum alloy 2024-T3 in 5% NaCl electrolyte

solution: (1) control; (2) with 0.35% Na,B,0-10H,0. T
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Na Si0_-9H,0 inhibitor; ____ . ____ after 30 min exposure to
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Figure 45. Potential vs. current for potentiodynam}c polarization experi-
ment with alloy 2024 sample of 1.267 cm” surface area in 5%
NaCl electrolyte solution: control; -~ - - with 0.1% NaHO
inhibitor.
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Potential vs. current for potentiodynamic polgrization
experiment with alloy 2024 sample of 1.267 cm™ surface area in
5% NaCl electrolyte solution: control; - - - with 20 ppm
(NaP0,), inhibitor; —_ - —— after 30 min exposure to in-
hibitor.
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Figure 48. Potential vs. current for potentiodynamic polgrization

experiment with alloy 2024 sample of 1.267 cm surface area
in 57 NaCl electrolyte solution: control; - - - with
10 ppm 2-mercaptobenzothiazole.
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Figure 49. Current vs. potential for potentjodynamic polarization experi-
ment with alloy 2024 of 1.267 c¢m™ surface area in 57 NaCl
electrolyte solution: control; - - - with 0.1% hydroxy-
quinoline.
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50. Potential vs. current density for potentiodynamic polarization
experiment with aluminum alloy 2024-T3 in 5% NaCl electrolyte
solution: (1) control; (2) with 1% 2-propyn-1-ol.
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Figure 51. Potential vs. current density for potentiodynamic polarization
experiment with aluminum alloy 2024-~T3 in 5% NaCl electrolyte
solution: (1) control: (2) with 0.1% (NHA)ZMOOA'
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pound is not a corrosion inhibitor for this system.

e. NH4N02. The PAP curve for NHANO2 is given in Figure 52. For much

of the potential region observed, -1400 mV to -700 mV, the control displays

better corrosion inhibition than the NH4N02. From -690 mV to -590 mV, a
reduction in the anodic process is observed with N“ANOZ’ although this
potential range is fairly narrow. It is possible that this material could
function as a corrosion inhibitor for 2024 aluminum, depending on the open
circuit potential of the system.

f. MgSiF6
This compound drastically increases the anodic dissolution process over much

'6H20. The PAP curve for MgSiF6°6H20 is given in Figure 53.

of the potential range, and cannot be considered a corrosion inhibitor in
any sense.

g. NHAHB407'3H20. The PAP curve for NH4HB407'3H20 is given in Fig-
ure 54. No improvement over the control may be observed. This compound is
not a corrosion inhibitor for aluminum 2024.

h. 1-Ethynyl-1-cyclohexanol. The PAP curve for 1l-ethynyl-l-cyclo-
hexanol is shown in Figure 55. Although this compound is not a passivator
for aluminum, the anodic process is reduced over the potential region from
-850 mV to =600 mV, and Ecorr is shifted in the anodic direction. This
material could probably function as a corrosion inhibitor for aluminum,
depending upon the open circuit potential.

i. 3,5-Dimethyl-1-hexyne-3-ol. The PAP curve for 3,5-dimethyl-1-
hexyne-3-0l1 is given in Figure 56. This compound does not passivate the
metal, though a reduction in the response curve is observed in the potential
region from -950 mV to -800 mV. An oxidative process (mechanism unknown)
occurs at ~-825 mV. This material might function as a corrosion inhibitor,
depending upon the value of the open circuit potential.

i. Sarcosine. The PAP curve for sarcosine is shown in Figure 57.
Sarcosine is not a passivator, but there is a reduction in the anodic dis-
solution process from -800 mV to -600 mV. Ecorr is shifted anodically,
also. This compound might be effective as a corrosion inhibitor for alum-
inum.

k. Sodium Sarcosine. The PAP curve for sodium sarcosine is shown in
Figure 58. The control out-performs this compound by a wide margin. This

material cannot be considered a corrosion inhibitor for aluminum.
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Potential vs. current density for potentiodynamic polarization
experiment with aluminum alloy 2024 in 5% NaCl electrolyte
solution: (1) control; (2) with 1% sarcosine.
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1. Sodium Cinnamate. The PAP curve for sodium cinnamate is given in
Figure 59. Though not a passive film former, sodium cinnamate does provide
a reduction of the anodic dissolution process in the potential range from
-875 mV to -625 mV. However, the magnitude of this effect is not large, and
may not be significant relative to experimental error.

m. Potassium Cinnamate. The PAP curve for potassium cinnamate is
shown in Figure 60. The passive layer observed in the control is also
observed with the iphibitor, and a reduction in the passive current density
occurs. The metal oxidation and dissolution process is suppressed by use of
this compound; it is an effective inhibitor for this system. Ecorr is
shifted in the anodic direction, into the passive zone.

n. Mercaptoacetic Acid. The PAP curve for mercaptoacetic acid is
shown in Figure 61. Very little effect is observed from this inhibitor,
although in the potential range from -700 mV to -600 mV there appears to be
a slight reduction in the anodic process. No passivation is present, in any
case. This compound would probably not work very well as a corrosion inhi-
bitor.

0. Sodium Molybdate. The PAP curve for sédium molybdate is given in
Figure 62. A reduction in the passive current density is observed, although
Ecorr is shifted cathodically relative to the control. In the transpassive
region, the control performs better than the inhibitor. This compound could
function as an effective corrosion inhibitor.

p. Formulations 471-1, 471-3 through 471-9. The PAP curves for these
inhibitors are given in Figures 63-70 (open circuit potential curves are
shown in Figures 71, 72, and 73). The analysis of these plots is essentially
the same, since there is little variation in the response of the metal to
these inhibitor candidates. Ecorr for these mixtures is always shifted
anodically, sometimes to a significant degree. For 471-1, 471-3 (1% 2-pro-
pyn-1-o0l, 0.3% NH3N02, and 0.7% NaNOz), and 471-7 (0.5% potassium cinnamate,

0.1% NaNOz, 0.02% (NaP03)6, 0.05% (NH MoOs) there is no passivation

4)2
barrier at all, even though one exists in the control, and the anodic
oxidation and dissolution process is seriously increased over much of the
potential region. For 475-4 (0.05% NH H8207-3H20, 1% NaNO 0.05% NaNO

0.01% NaSio

3 3 2°
3-9H20, 20 ppm (NaP03)6, and 10 ppm mercaptobenzothiazole),
471-5, and 471-6 a passive layer is observed, although Ipass is larger than

in the controls, and the width of the passive zone is narrowed. For 471-8

92




-0.600

' -0.800

-1.000

~-1.200

Potential [V(SCE)]

-1.400

| i 1 1 i 11 i

10° 100 102 10° 10* 10° 10% 107

Current Density (nA/cmz)

Figure 59. Potential vs. current density for potentiodynamic polarization 1
experiment with aluminum alloy 2024 in 5% NaCl electrolyte
solution: (1) control; (2) with 0.1% sodium cinnamate.

4 e 2 a4 A

93




Potential [V(SCE)]

Figure 60.

-0.600} -

-0.800|- _

-1.000F -

-1.2001 -

-1.400 b -
PR SR NN SR T ¥ [

100 101 102 103 104 105 106 107

Current Density (nA/cmZ)

Potential vs. current density for potentiodynamic polarization
experiment with aluminum alloy 2024 in 5% NaCl electrolyte
solultion: (1) control; (2) with 1% potassium cinnamate.

94

4 mmaaa a A A



TR T
" e

-0.600 ~
— -0.800 -
=
r QO
3 w
h N
: Z
-1.000 —
—
]
)
IS
c
; :
o -1.200 -
-1.400 -
il 1 1 1 1
10l 102 103 104 ]05 106 107

Current Density (nA/cmz)

Figure 61. Potential vs. current density for potentiodynamic polarization
experiment with aluminum alloy 2024 in 57 NaCl eclectrolyte
solution: (1) control; (2) with 1% mercaptoacetic acid.




Potential [V(SCE)]

Figure 62.

-0.600

-0.800

-1.000

-1.200

-1.400

1 i 1 1

lO2 lO3 104 lO5 106 107

Current Density (nA/cmz)
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solution: (1) control; (2) with 1% sodium molybdate.
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Potential vs. current density for potentiodynamic polarization
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and 471-9, there exist passive layers also, and the Ip values for these
systems are not too different from the control values. Some small inhibi-
tive effect might be discernable in the transpassive zone relative to the
control for these two systems, but it could be due to experimental error.

None of these mixtures would serve as an effective corrosion inhibitor.
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IV. MICROENCAPSULATION OF CORROSION INHIBITORS
A. Objective

The AFIF mixture is comprised of several constituents that possess a
relatively high degree of water solubility as compared to those pigments and
additives commonly employed in coatings formulations. Ostensibly, primer
formulations containing water-soluble salts may display such undesirable
performance characteristics as a high blister tendency, poor inter-coat and
wet adhesion, and inadequate corrosion protection because of premature loss
of the inhibitor..

Thus, the objective of the microencapsulation approach was to investi-
gate the feasibility of developing a time-release controlled formulation
which could be added to an epoxy-polyamide primer for prolonged corrosion
protection without sacrificing those performance characteristics required by
the system. Ideally, microencapsulation of the AFIF mixture would provide
an additional safeguard to protect the water-soluble corrosion inhibitor
from catastrophic loss through leaching upon contact with moisture, and a
means of diffusion controlled release from the iﬂhibitor reservoir into the
coating. Release could occur by diffusion or through mechanical damage,

such as abrasion or impact.

B. Selection of the Microencapsulation Technique

Microencapsulation may be accomplished through several types of method-
ologies, and each has distinct advantages and limitations, as indicated in
Table 3. Upon evaluation of the advantages and disadvantages of each
method, interfacial polymerization was selected as the most promising tech-
nique for the initial stage of the investigation. The advantages offered by

interfacial polymerization include:

1. applicability to a wide variety of condensation polymers,
2. particle size distribution control through organic/aqueous phase
ratio, surfactant concentration and type, and agitation rate,

3. control over microcapsule wall thickness,
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4. amenable to water-soluble and insoluble core materials,
5. high efficiency of microcapsule production, and
6. ease of synthesis in laboratory and production quantities.

The major disadvantage associated with interfacial polymerization (as
well as simple and complex coacervation) involves achieving the required
balance in those dependent variables which control performance. Since
microencapsulation through interfacial polymerization may involve manipula-
tion of several controlling variables, the formulations and procedures may
be somewhat complex from a material balance and function viewpoint. The
following illustrates a typical formulation and procedure for the microen-
capsulation of the AFIF mix using interfacial polymerization. The materials
in parentheses indicate those used in the latter stages of the development
work.

The initial stage of the microencapsulation process involves the forma-
tion of a water-in-oil emulsion. The aqueous phase would contain one of the
reactant monomers (l,6-hexanediamine), a surfactant (Brij 58), and the
material to be encapsulated (AFIF). The organic phase would consist of two
organic solvents (2.2:1 cyclohexane:chloroform) which possessed a volume-
weighted ratio with a density of 1.0 g/ml, and a surfactant (Brij 72). The
volume ratio of the aqueous and organic phases in the initial stage is
usually on the order of 50:125 (aqueous:organic). The water-in-oil emulsion
is formed by mixing the organic-phase solution with the aqueous-phase solu-
tion in a water-jacketed Waring blender under high shear conditions at a
temperature of 35-40°C. After formation of the emulsion, a volume of the
organic phase (50 ml of 2.2:1 cyclohexane:chloroform) containing the other
reactant monomer (toluene 2,4-diisocyanate) is added dropwise. The polymer-
ization reaction occurs at the phase bnundary between the aqueous and organ-
ic solutions by diffusive transport of the reactants to the interface. The
typical reaction time necessary for microcapsule formation is 5~10 min after
addition of the organic phase containing the second reactant. After the
reaction is complete, the microcapsules are extracted repeatedly with pure
cyclohexane to remove any unreacted monomers from the material. The micro-

capsules are then stored as a slurry in cyclohexane until use.
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c. Selection of the Membrane Polymer

The degree of success achieved in preparing a high yield of AFIF-con-
taining microcapsules with the proper release characteristics is largely
dependent upon the polymer candidate selected for the membrane wall. The
choice of polymer candidates is principally governed by the kinetics re-
quired for interfacial polymerization, the tractability of the microencapsu-
lated system with the coatings formulation, and the degree of permeability
required to provide the needed corrosion resistance. Of these criteria,
perhaps the most challenging demands imposed upon the polymer membrane arise
from those constraints associated with the environment of the primer formu-
lation.

Thus, prior to spray application, the microcapsules would be combined
with the epoxy-polyamide primer formulation by means of conventional mixing.
Obviously, if the microcapsule wall is to withstand the shear stress associ-
ated with stirring the viscous medium, the polymer candidate must possess a
relatively high degree of cohesive energy density. Furthermore, even
greater shear stress may be encountered during spray application, where the
shear rates may reach 40,000/sec.

The epoxy-polyamide formulation may contain polar solvents such as
ketones, esters, and alcohols, along with polar resins capable of strong hy-
drogen bonding. Under these circumstances, the membrane wall must display a
low solvent-polymer interaction parameter if swelling and the properties
associated with polymer-polymer intermolecular forces (permeability) are to
remain constant.

Upon solvent evaporation within the coating, the microcapsules are
subjected to the internal stress which arises as the system undergoes a
phase change to the solid state. The microcapsules may encounter a sig-
nificant degree of close-packing and compression resulting from orientation
of the pigment particles. The polymer candidate should possess a high
degree of tear resistance if the microcapsule wall is to withstand intimate
contact with the pigment surface.

Finally, in the latter stages of film formation, the microcapsules are
subjected to changes in polarity of the matrix as the oxirane rings react
with the amine groups. The curing reaction is exothermic, and a temperature

increase up to 50°C may occur in the bulk of the paint film.
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In the cured coating, the microcapsules function theoretically as a
reservoir for sustained release of the corrosion iphibitor mixture. The

half-life, t%' for release of an encapsulated material is given by:

- (2a)2(ln 2)

t;’ RD
where a = the diameter of the microcapsule; -
R = ratio of volume or mass of encapsulated material to that of
the membrane;
D = the diffusion coefficient of the membrane (40).

The permeability, P, of a substance through a polymer matrix is related
to the diffusion coefficient by the expression P = D*S, where S is the solu-
bility constant of the permeant in the polymer. The permeability is depen-
dent upon such polymer properties as density, molecular weight, crystallini-
ty, chain orientation, degree of crosslinking, humidity, method of film
formation, and the presence of fillers (41). Table 4 illustrates the varia-

bility of the permeability coefficient with polymér structure (42).

TABLE 4. THE VARIATION OF PERMEABILITY COEFFICIENT OF WATER WITH

POLYMER TYPE
Polymer Type Permeability Coegficient
P10 x 10
cc STP cm
( =)
sec cm cmHg
polyethyleneterephthalate 17.5
cellulose triacetate 1270
ethyl cellulose 2100
polyvinylchloride 15
vinylidenechloride (81%)
acrylonitrile (19%) copolymer 1.6
polymethylmethacrylate 250
polystyrene 97
polydimethyl siloxane 4300
polybutadiene 507
nylon 6 40

The above data illustrates that permeability is significantly dependent
upon polymer structure, and achieving the required degree of sustained

release will be dependent upon the proper selection of membrane material.
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The final criterion used in determining the best polymer candidate
involved evaluation of those limitations imposed by the interfacial poly-
merization reaction. In general, in-situ encapsulation involves polymeriza-
tion of vinyl-type monomers while microencapsulation through interfacial
polymerization involves the use of monomers which form condensation-type
polymers. Interfacial polymerization was founded upon the principles in-
volved in the Schotten-Baumann reaction and is, thus, limited to those
monomers which possess the required polymerization kinetics. The classes of
polymers which are amenable to interfacial polymerization include poly-
amides, polyesters, polyurethanes, polycarbonates, polysulfonates, epoxy
resins and silicone resins. Thus, after considering the physical and chemi~-
cal properties required for incorporation of the microcapsules into the
primer formulation, the low degree of permeability required for sustained
release, and the limitations imposed by interfacial polymerization, the
polyamides were judged as providing a suitable match with the requirements
established as the controlling criterion.

While numerous structurally different polyamides have been synthesized
over the last four decades, the most common poiyamides include nylon 6,6;
nylon 6,10; nylon 6,12; nylon 6, nylon 7, nylon 11, and nylon 12. Inter-
facial polymerization cannot be used to prepare polymers of the latter four
types.

To achieve high molecular weight polymer, a suitable partitioning of
the diamine into the organic phase is required as illustrated by the data
presented in Table 5 (43).

These data indicate that under interfacial polymerization conditions
nylon 6,10 is capable of providing the highest yield and greatest molecular
weight ranges as a result of the hydrophobicity of the diamine. Moreover,
Table 6 indicates the physical properties of nylon 6,10 are comparable to

those of nylon 6,6 and nylon 6.

D. Optimization of the Parameters Controlling Microcapsule Formation

The nylon 6,10 system was used in a pilot study designed to optimize
the numerous parameters which control microcapsule formation by means of
interfacial polymerization. The principal variables investigated include

surfactant type and concentration, organic phase compositions, phase volume

114




TABLE 5. EFFECT OF DIAMINE PARTITION COEFFICIENT ON THE MOLECULAR WEIGHT

OF POLYAMIDES®?

I Polyamide Yield Viscosity in m-cgesol
(%) (niuh, d1/g)
6,10 85 1.87
6,6 80 1.51
6,5 73 0.64
| 6,2 56 0.54
®Diamine conc. = 0.067M tetrachloroethylene/water phase
b Volumes: 210:300
» Inherent viscosity
-
] TABLE 6. COMPARISON OF THE PHYSICAL PROPERTIES® OF NYLON 6,6; 6,10 and 6b
Physical Property Nylon 6,6 Nylon 6,10 Nylon 6
tensile strength,c psi x 103 11.2 8.6 8.7
i elongation at br:eak,C % 300 300 285
yield st.ress,c psi x 103 8.5 7.1 5.9
elongation at yield,C % 25 30 30
shear strength, psi x 103
.’ (0.2% HZO) . s 9.6 8.4
flexural modulus, psi x 10 175 160 108
Rockwell hardness (0.2% HZO) R118, M79 R111 R107
brittleness temperature, °F -85 -139
® Izod impact strengh,c ft-1b/in. 2.0 1.2 2.5
coefficient of linear
expansion, in./in./°F x 105 4.5 5.0 4.0
specific heat 0.3-0.5 0.3-0.5 0.3-0.5
o
l :Equilibrated at 50% rh unless noted.
' CE. I. du Pont de Nemours & Co., Inc., Zytel Nylon Resins Bulletin.
, At 73°F.
]
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ratio, monomer concentration and ratio, reaction temperature, stirring rate,
and addition rate. The study involved over 400 experimental runs of the
interfacial polymerization procedure over a 12 month period. The data in

the following sections present the trends uncovered in the study.

1. Determination of a Suitable Aqueous Phase Surfactant

Under the conditions employed in interfacial polymerization, the
final microcapsule particle size distribution is determined by the manner in
which the dispersed aqueous emulsion droplets reach stability in the emul-
sion system through the minimization of the interfacial tension, and by
other complex and interrelated processes. For example, the interfacial
tension for a paraffin oil/water emulsion is 40.6 dynes/cm, which is lowered
to 31.05 dynes/cm when the aqueous phase contains 0.001M oleic acid. Neu-
tralization of the acid by an equivalent amount of sodium hydroxide (which
forms the corresponding soap) reduces the interfacial tension to 7.2
dynes/cm. The relationship between the surface tension of the system and

the nature and concentration of surfactant is given by:
= o .
Y Y KCS

where Cs = concentration of the surfactant,

and K = parameter associated with the physical nature of the surfactant.

Thus, emulsion stability is dependent upon the surface active agent.
Considerable effort was initially placed in utilizing methylcellulose as the
aqueous phase surfactant. Since methyl cellulose functions more as a vis-
cosity modifier (protective colloid) than as a true surfactant, microcap-
sules prepared with the methyl cellulose would cause less of an adverse
effect to the film properties of the primer than would microcapsules prepar-
ed with surface active agents. Unfortunately, the approach was not success-
ful. Therefore, a study was designed to evaluate the ability of several
structurally different surfactants to facilitate emulsion stability. Hexane
(100 ml) containing 1% Brij 52 surfactant was added to various 50 ml ali-
quots of water, containing 1% of the surfactants methylcellulose, PEG 600,
Span 60, or Brij 58. The mixture was emulsified in a blender at high speed

for 1 min, and the phase separation (creaming) time of the emulsion was
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measured. Based upon the stability results obtained, Brij 58 was selected

as the most suitable aqueous phase surfactant.

2. Determination of a Suitable Organic Phase Surfactant and Optimiza-

tion of the Surfactant Concentration

The hydrophilic-lipophilic balance (HLB) system is generally used
for the selection of the surface active agent. Those emulsifiers with HLB
values in the range of 4 to 6 are suitable as emulsifiers for water/oil
emulsions while those with HLB values ranging 8 to 18 are suitable for the
preparation of oil-water emulsions. The HLB may be related to the coales-
cence rates of droplets at the oil-water interface, as shown by the expres-
sion (44):

1n (Ratez/Ratel) = 2.2 © (HLB-7)

where Ratel = coalescence of an o0il droplet at the phase inter-
face;

Rate2 = coalescence of an oil droplet at the phase inter-
face,

© = the fraction of the droplet surface covered by the

surface-active emulsifiers.

Since emulsion stability is related to both the HLB value of the sur-
factant and the concentration of surfactant used for emulsification (©), a
study was designed which evaluated the effectiveness of microcapsule for-
mation as a function of both controlling parameters. The surfactants were
chosen to represent the appropriate range of HLB values, and the concen-
trations included the usual minimum and maximum levels. Additionally,
intermediate levels of surfactant were evaluated, since this parameter
controls the microcapsule size distribution, as illustrated in Figure 74
(45).

Since in many cases a given experimental surfactant failed to yield a
stable emulsion, only data concerning those surfactants which were success-
ful in generating microencapsulated product will be presented. Table 7

indicates the general procedure and ingredients used in the surfactant
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Figure 74.
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TABLE 7. SPECIFIC EXAMPLE OF MICROCAPSULE FORMATION

A. Solution Preparation

1. 10.0 g hexane 1,6 diamine + 5.0 g AFIF + 0.05 g Brij 58 + 50.0 ml
D.I. H. O

2. 0.1g }gepal RC-520 + 100 ml 2.2:1 (v:v) cyclohexane:chloroform
3. 10.0 g sebacyl chloride + 25 ml 2.2:1 (v:v) cyclohexane:chloroform

B. Reaction Procedure

Temperature = 30°C

1. Add solution (1) to the blender at speed = 7 (16500 rpm)

2. Add solution (2) dropwise, rapidly, still at speed = 7

3. Add solution (3) dropwise, over 3-5 min, still at speed = 7

4 Allow blender to run at speed = 7 for ~30 sec after the last
addition

5. Remove product from reaction vessel
C. Purification, Isolation, Drying
1. Gravity filter the reaction product with Whatman No. 1 filter

paper
2. Wash with 300-400 ml of the organic phase solvent
3. Allow product to air dry under the hood for 24 hr

D. Release Testing -
1. Add 0.5 g of microcapsule sample to 50.0 ml of deionized water
2. Measure conductivity vs time until a constant value is obtained

E. SEM Analysis

1. A Jeol JSM-35C SEM with gold-palladium . *ter coating was used. 1
2. Wet mount method was used: a drop of microcapsules from the reac-

tion vessel, still in slurry form, is placed on the SEM pedestal

for characterization.
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evaluation, and experimental variations are indicated in Tables 8-11.
Release times corresponding to surfactant concentrations are shown in Fig-
ures 75-78.

In spite of certain material variations which are apparent in the
previous data, the release times for microcapsules prepared from Brij 52,
Igepal RC-520, Igepal CO-430 and Brij 72 show little variation as a function
of surfactant type.

3. Evaluation of the Ratio of (Organic Phase/Aqueous Phase) Surfac-

tants
When using a combination of surfactants, the composite HLB of the
system is a weighted average of the assigned values corresponding to the
percentage composition of the mixture used. For example, emulsification of
an o0il with an HLB of 12.3 would require a mixture of 60 wt% of a surfactant

with HLB at 16.9 and 40 wt% of a surfactant with HLB at 5.3.

HLB combination = (16.9 x 0.60) + (5.3 x 0.40) = 12.3

Thus, to determine if HLB optimization would result in production of micro-
capsules with greater release times, a study was conducted in which the
ratio of (aqueous phase/organic phase) surfactants was varied. The pro-
cedure was essentially that presented in Table 7, and the design of the
study and results are presented in Tables 12 and 13 and Figures 79 and 80.
Interestingly, in each case the release times were a maximum for micro-
capsules prepared at an (aqueous phase/organic phase) surfactant ratio of
0.33. While each combination of surfactants produced microcapsules with
less than the desired release time, the microcapsules prepared from the
Brij 58/ Brij 72 and Brij 58/Igepal CO-430 displayed significantly better

properties than those prepared from other surfactant combinations.

4, Evaluation of the Ratio of Diacid Chloride to Diamine

If the polymerization kinetics were altered by the presence of the
AFIF mixture or through interference by the emulsifier, the membrane accre-

tion process might not be homogeneous, resulting in the generation of open

120




QUEXIYOTIA) = D4

SWI) 3Sea[a1 "Xew e AITATIINPUOD

utw 01 3¢ A3TAT3ONpUOS

= Oljex 333333 Ising

A=

»
"

MHumu
0012 1249 9-1lY Zs frag 86 frag
6 0L%91 1Y 0s LT 1:€ 0°¢ 0°¢ 0S°0 0°¢ 0°01 69~GGG
maumo
00zZ 124D 9-1LY zs lrag 8¢ frag
6 0502 Y4 0S (YA 1:€ 0°¢ 0t 0S°0 0°6 0°01 19-GGS
maumo
006€ 124D 9-1LYy zs frag 8¢ l1ag
rAA 00%1 T4 /19 GZ1 1:€ 0°¢ S0 GZ°0 0°¢ 0°¢ 19-6G6
mﬁumu
00ty 12Ky 9-1L% 76 lrag 8¢ lrag
$Z 0041 T4 0S QT 1€ 0°S S*0 SZ 0 rANA 0°S 09-GG¢
[ €
TOHD
00LY 124 9-TLYy TS (rag 8S ft1ag
02 00L? 14 (119 (YA 1°€ 0°¢ 0°1 GC 0 rAA 0°'s 96-GG¢
m~u=o
0057 1249 9-1.% Zs Frag 8¢ ftag
81 00€T 174 0§ ocl 1:€ 0°¢ 0°1 GC°0 0°'¢ 0°s £6~-GG6G
(utw) otyey (Do) (Tw) (Tw) xx0T3RY (swex8) (swead) (swead) (swead) (swead) aydweg
swry 13299339 -dwaj JUIATOS 3JuaAoS pue IxojrIqIyUl Junowy unowy IpTIOTYd IuUTweIp
3Sea[ay y3sang snoanby o1uelag *dwoy pue 2dAJ pue adL] 1Aoeqag 9°1
JuaATOSg *3ang -Jang auexay
d>tuelig >1uedig snoanby
LN(ORY INVLIOV.NS G £ING 40 NOILVINVA ‘8 dT19VL

B - ST - |

(
|
fl
1
q
‘



p— y—— ———r—y ——— — .451< .4 41154 ,_.‘.;.“‘ ‘
M 3

oWty Isea[ax ‘xew e AITATIONPUOD

= OT3El 13I333J3 3ISang s

aUBXIYOTI4A] = 24Dy utw Q' e AITATIIONPUOD
€
T3HO 0TS-04
008% 104D 9-1L% Tedad] 8¢S lrag
(A 00%2 0¢ 0S GZ1 1:¢°¢ 0°S 0°1 S0 o'y 0°01 9Z-%8S
MAUmU 026-04
00L6 124D 9-TL% Teda3] 86 [rag
97 001¢ 0¢ 0S YA m"N.N 0°'S 0°'1 S0 0"y 0°01 GT-%86
TOHO 02S-04
0046 124D 9-1LY Tedad] 86 frag
81 009¢t (113 0S G?1 1:¢°¢ 0°¢ 0°2 S0 0°9 0°01 11-%8S
maumu . 0T4-24
00%6 124D 9-1L% 1edady 8G f1ag
81 00S¢ (119 0S YAl 1:2°C 0°S 0°¢ S0 0°9 0°01 01-%8S f
MAumu 026-2¥
001% 124D 9-1LY Teda8y 86 frag
Y 008¢ (113 0S L YA 1:2°¢ 0°S 10 S0°0 0°01 0°01 €-209
maumo 0CS-24 S
00LY 124D 9-1L% 1edad] 8¢ f[1ag -
6 0011 0¢ 0S L YA 1:2°¢ 0°S 10 S0°0 0°01 0°01 ¢-209
mﬂomo 0¢s-J¥ 4
008¢€ 134D 9-1LY 1eda8] 8¢ frag
%1 00L2 0t 0S (YA | 1:2°¢ 0°6 10°0 S00°0 0°01 0°01 G-209
maumu 02S-04
009€ 124D 9-1L% Tedad] 86 frag
rAA 006 0o¢ 0S GC1 1:2°¢ 0°S 10°0 S00°0 0°01 0°01 %-209
(utm) o1ley (Do) (Tw) (1Tw) »x0138Y (swead) (swead) (swead) (swea8) (swead) oayduweg
awt] 139933% -dwd] 3JUIATOS 2JUIAIOS pue I031IqIYU] Junoury Jjunowy JpIIO[YD IuTwWEIp
Isea[ay syIsaANg snosnby o1ue8ip *dwon pue adAkg pue adA] 14>3eQ3g 91
qU3aAT0g *3ang *Jang auex3ay
d>Tuedap d1uedig snoanby

INOOWV INVIOV.IINS 02S-0¥ TVdIOI 40 NOILVIVVA ‘6 ITdVL




JuexXayoTd34) = dA]xyy

QWI) 3ISea[a1 -xew e AJTATIIdONPUOD
uTw Q°'1 3¢ A3ITATIONPUOD

= o13el 133333 umw:m s

mao:o 0€%-00
0082 104D 9-1L% Tedady 8S frag
(44 00L o€ 0S L YA 1:2°¢ 0°S 0°2 0°T 0°9 0°01 L2-209
mauzo 0€%-00
0062 104D 9-1LY Teda3dy gs frag
9T 00¢L 0¢ (119 ST1 1:2°¢ - 0°S 0°2 01 0°9 0°01 92-209
maumo 0ey-00
002¢€ 124D 9-1LY Teda3g 8s frag
e 009 (113 0s L YA 1:C°¢ 0°S S 1 01 08 0°01 GE-209
€1omo 0€%-00 ~
00€€ 134D 9-TLY 1edas] 8 frag -
oYy 00§ 0t 0S YAl 1:C°¢ 0°S S1 01 0L 0°01 %€-209
maozu 0€%-00
00€€ 1049 9-1LY Teds3] 8S [r1ag
8¢S 00¢€ (113 0s 61 1:2°¢ 0°S 0T 0°1 0°9 0°01 6£-209
MHU:U 0EY-00
0062 124D 9-1LY Teda3f 85 lrag
9z 00% 119 0S SZ1 1:C°¢ 0°S 0°'1 01 0°9 0°0T1 8€-209
(utw) otied (Do) (Tw) (Tw) wx0TIRY (swexd) (swead) (swead) (swead) (swexd) oay1dwesg
swr] 13993¥4 -dwal 3IUIATOS IJUIATOS pue I031TqQIYUJ Junowy junowy OSpPIAOIYD SuUTWEIp
aseaTay yisang snoanby otuedig -dwo) pue 3dA] pue adAp T4Adeqag 91
JUIATOS *3ang *jang auexay
>1Tuedi) >1uedag snoanby

LNAOWV INVIOV.MAS 0€%-00 TVAAOI A0 NOILVIYVA 'Ol J19Vl




r g LA R A M A AR RSN A T T A T
5 ! ' i ' " v ‘ 1 I i
_ .
4
auUexXayoTd4A) = 24Dy
Wl ISBIT[3X "Xew e AJTATIONPUOD orae1 5175 18
uIm '[ 3€ A3LAIjonpuod F3€1 399339 3Isang »
maumo
0012 124D 9-TLY TS frag 8¢S frag
! 6 oLyi Y4 0s YA 1:2°¢ 0°S o't 01 0L 0°¢ S6-209
mauzu
0022 :04) 9-TLY 2L frag 85 frag
(44 008 oY 0S YA 1:¢°2 -~ 0°S 0°¢ S0 0°9 0°¢ Y%-209
f € 1omo
0012 124D 9-1L% zL frag 8s frag
[4% 0o€ oY 0S LTA 1:2°¢ 0°S 0°¢ S0 0°'9 0°¢ <Y-209
mau:u ~
00%Y 1249 9-1L% zL frag 8S lrag ~
(113 000¢ oYy 0S L YA 1:2°¢ 0°S 0°'1 G0 o'y 0°01 %Z-%8S
maumu
0099 124D 9-1LY TL frag 8s frag
91 000¢ oYy 0S YAl 1:2°¢ 0°S 0°1 S0 o'y 0°01 L1-%8S
mauzo
00z¢g 104D 9-1LY TL frag 8S frag
(44 o071 oy 0s T4 | 1:2°¢ 0°S 10 S0 0°01 0°01 9-209
(utm) ot1ley (Do) (1Tw) (1w) yywo1lRy (suwead) (swead) (swead) (sweald) (swead) oyduweg
swr] 129333 -dwa] IJUIATOS IJUIATOS pue JI01TQIYUT junowy junowy SpIIOTYD Sulwelp
9se3[3y yIsaINg snoanby o1uelig - dwogp pue adjg pue ad{g 14&2eqag 91
quaAjog - 3ang *3ang auexay
stueldagQ dtuedxg snoanby
INNOWY INVIOVAINS Z. (I¥9 JO NOILVINVA °"I1 JI9VL
1

hr?»»...?-?




L - DRERAREE

T

o

“

Release Time (min)

2.0

25

| LI i
20 | -
15 L -
10 L. -
5 -
0 1 1 1

0.5 1.0 1.5

Concentration of Brij 52 surfactant (grams)
Figure 75. Variation of Amount of Brij 52 Surfactant.

125




Release Time (min)

J
25 ]
| T l -

20} - - d
1

15p= -
- 4
i
104— — )
- 4
o |

5= -
- -
-
]
]
ol | } | ‘
0 0.5 1.0 1.5 ~ 2.0 o
Concentration of Igepal RC-520 Surfactant (grams) 1
Figure 76. Variation of Igepal RC-520 Surfactant Concentration, -9
"7




40 -

30| -

c
B
E
@
E )
|
2
®
@
o 20|~ -
—
Q
]
10— -
0 1 } 1
0 0.5 1.0 1.5 2.0
Concentration Igepal CO-430 Surfactant (grams) . <

Figure 77. Variation of Igepal C0-430 Surfactant Concentration.,

127

e a_A




*UOT3IBIJUSOUOYH jJueIdEIANG Z7/ [Fag Jo uorIeIIR) g/ 240314

(sweald) jueloejang 7z [1ag jo uorlelajzuaduo)

0 g Q°g e 1 01 g0 Q
] 1 | 0

09

(utu) awl] 9svoTay

128




3WI) 3Se3[3ax ‘Xew e A3TATIDONpPUOD

ut® g°'[ 3® A3TAI3ONpUOD

auexayod4A) = d4)

[YRY
LA

= OoT3ex 12333J3 3Isang i

mﬁomu
00ZY 124D 9-1.%
4 00L o% 0s GqC1 1:2°2 0°'S 05'0 ‘gL Crag/gs frag 0°'8 0°¢ %6-209
mauzu
0092 1249 9-1L%
9¢ oog oy 0S YA 1:2°2 0°¢S z'0 ‘zL frag/gs f1ag  0°'8 0°2 £5-209
maomu
00LY 1249 9-1L%
8S 006 oy 0s YA 1:2°¢ 0°S g€c 0 ‘zL frag/gs frag o0°L 0°2 S6-209
MHU=U
00SY 124D 9-1LYy
8y 00y oy 0S eC1 1:2°¢ 0°S 6z'0 ‘gL Crag/gg lrag 0°8 0°2 2S-209
mau:u
000S :24) 9-TLY
8¢ 009 oy 0S YA | 1:2°¢ 0°G 6z'0 ‘ze frag/gs frag 08 0'¢2 15-209
(utw) or1ey (Do) (Tu) (1m) yroT3RYy (swexd) orley pue (swexd) (sweald) a1dweg
swil 39933y -dwa] 2JuUSATOS IUIATOS pue x03TqIYul adA] jueideiang SPIAOTYD IJUTwelp
2sea13y y3ISaAng snosnby ot1uedap - dwon >1uedaQ/snoanby 1Aoeqas 9‘t
JUIATOS suex3ay
otuedig
ZL r199 904 OIIVY INVLIOVIUNS SNS¥IA AWIL ASVITAY °21 TIEVL
~a - =a a I | b ™ ... ™Y

- -

129




BWT] 3SeI[3x1 ‘Xew e AJTATIONPUOD

SUBXaYOIdA) = 24Dy

01181 133339 1sang

(panutjuod) utw Q' 3Ie AITAIIONpPUOD -
mﬂumu
002¢ 124D 9-1LY 99°0
VA3 009 oY 0S GZ1 0" 1=d 0°¢ ‘ocy-0D 1edad1/gc frag 0°g 0°0T S£-209
mHumo
00€€ 134D 9-1L% 99°0
oy 00S oY 0S YA | o i=d 0°S ‘ogy-0D Teda81/g¢ frag 04 0°'01T %€£-209
mﬂumo
1249 9-11% €€°0
9¢ 00S oY 0S Sl 0 1=d 0°S ‘ogy-00 1eda81/g¢ ftag o0°9 0°01 L£-209
mHu=u
00Z¢ 124D 9-TL% 9€°'0
VA 00S oy 0S YA o' 1=d 0°S ‘oey-00 Teda81/gc frag 09 0°01 9€£-209
mﬁuzo
008€ 124D 9-Tt% €€°0
%S 00S oy 0S 941 0 1=d 0°6S ‘ogy-00 1edad1/gs frag o0y 0°01T 95-Z09
mﬁonu
006€ 124D 9-TL% SZ°0
8Z 00/ oY 0S 6zl 0 1=d 0°¢S ‘oey-00 1eda1/gc frag o'y 0°01 89-209
(utw) o13ley (Do) (Tw) (1m) wyo0TlRY (Swead) oT1ley pue (swexd) (swead) orduweg
swi] 1352339 ‘dwsl JusaT[0S 1IUIATOS pue I03IqQIYuU] adA], juejdejyang IpIAOIYD SultweIp
95833y y3Isang snoanby oT1ue8ig - dwop >1uedig/snoanby 1A>eqag 91
JUIATOS JUEXIY
o1uedap
0E%-00 TVdA9I ¥0d OILVY¥ INVIOVIHNS SNSYFIA TWIL ASVITIY €1 ATdVL
- n > | - it | > | a e &

130




!
|
i

P ————

UEX3aYOT2L) = 24A)..

SWI) ISBITIX °"Xew 38 AITATIdINpPUOD

utw °[ 3e AITATIdNpUOD

S

= OT3el 3I33JF3 3Ising o

MHumu
00€€ 124D 9-1Ly 0°1
8S 00€ oy oS SzT 0°1=d 0°¢ 0€%-00 1eda31/8¢ frag o0-9 0°0T 6£-209
mau=u
0062 1049 9-1L% 0°1
9z 00% oy 0S YA 0" 1=d 0°S 0€%-00 t1eds31/8S frag o0°9 0°0T 8€-Z09
(utm) ot13ey (Do) (1Tm) (Tw) xx0T12BY (swead) ot13ey pue (swead) (swead) a7dueg
awil] 1353333 -dwal 3uaafog IJuaafog pue 103TqIYuUf 9dA] 3jueldeIaANg IPTIAOIYD IUTWelp
3se3[3y y3sang snoanby ot1uesap - dwo) d1uedap/snoanby 1A>eqag 91
JUd9ATO0S auexay
s1uedig
o (penutiued) €T FIAVL
- = - na & . .. 4 o .. e |

131




*awy] 9seayay snsiaap 7/ [Tag 103 ofaey Jueioejang ‘*g/ aindyy
otue8io swead
( snoanbe swead ) 2L [yag 203 O013EY 3uURIDEFINS
S°0 7°0 €0 70 1°0 0

I | I 1 0

C
— -~ 0%
— = 0¢
| ] 1 1
09

(utw) BuwWL] °seaIaY

132




‘OUT] dseaTay snsiap Qgy-0) TedeSy 107 O0T3ey 3Jueldezang °*pg aandyg
otuedio suead
Awsow:vm mEmumv 0€¥-00 Tedad] 103 oriey 3Jueldejing
0'1 . 8°0 9°0 %°0 2°0 0
=T ] T T 0
— =01
— JON
- —1o¢
o
-
o
| | ] |
09

(utw) awrl aseayay

133




cell microcapsules. Since permeation of the encapsulated material is
L directly related to cell wall thickness, the presence of surface areas with
h reduced membrane thickness would markedly alter the release time of the core
material. To investigate this possibility, a study was conducted in which
the material balance of the monomers was greatly altered in an effort to
further disrupt the ncrmal accretion process and generate open cell micro-
capsules.
The data presented in Table 14 and Figure 81 uses the emulsifying
agents Brij 58 and Igepal RC-430 and illustrates the effects of varying the

ratio of sebacyl chloride/hexane-1,6-diamine from 0.3 to 0.8 in increments

of 0.1. Interestingly, the release times of the AFIF mixture from the
microcapsules appears to be fairly independent of the monomer material
balance. However, as expected, the higher ratios of monomer did provide
somewhat better results.

The study presented in Table 15 and Figure 82 involved using Brij 58
and Igepal RC-520 as the combination of emulsifying agents and varying the
monomer material balance from 0.2 to 0.7 in increments of 0.1. These data
illustrate the typical variability found in many of the studies attempted
using the nylon 6,10 encapsulation procedure.

The study presented in Table 16 and Figure 83 utilized Brij 58 and
Brij 72 as the combination of emulsifying agents and reverses the monomer
material balance of sebacyl chloride/hexane-1,6-diamine to inordinately high
values (ratios of 3.0 to 4.0). These data further substantiate the inde-

pendence of monomer material balance and AFIF release time.

5. Evaluation of the Organic Solvent Phase Composition

Interfacial polymerization involves diffusion of the diamine
across the aqueous/organic phase interface and subsequent condensation with
the diacid chloride in the organic phase (46) (Figure 84).

Under these conditions the homogeneity of the wall accretion process is
greatly dependent upon the thermodynamic nature of the organic phase. In
line with this consideration, a study was conducted which evaluated the
effects of microcapsule formation as a function of organic phase character.
The solvents and mixtures evaluated included cyclohexane, toluene, 3/1

cyclohexane/chloroform, and 2.2/1 cyclohexane/chloroform.
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Figure 82. Ratio of Sebacyl Chloride/Hexane-1,6-diamine Versus Release
Time Using Brij 58 and Igepal RC-520 as Emulsifying Agents.
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The data presented in Table 17 again illustrates that the release time
of the AFIF mixture from the microcapsules was somewhat independent of the
investigated parameter. However, since the 2.2/1 cyclohexane/chloroform
ratio possessed a density which equaled that of the aqueous phase and also
provided relatively better release times, this solvent combination was used

in subsequent studies to evaluate other variables.

6. Evaluation of the Reaction Temperature

Since increases in reaction temperature have a profound effect on
reaction rate, a study was conducted which investigated the release time of
microcapsules formed at varying temperatures. The study utilized Brij 58
and Brij 72 as the surfactant combination, and the 2.2/1 ratio of cyclohex-
ane to chloroform as the organic phase. Evaluation of the data presented in
Table 18 and Figure 85 indicates that no significant advantage was gained in

release time as the reaction temperature was varied over normal ranges.

7. Overview of the Nylon 6,10 Pilot Study

Although the objective of identifying'the parameters which could
be used to control the release characteristics of the microcapsules was not
fully realized, the nylon 6,10 pilot study provided several positive

results.

a) A procedure was developed which yielded AFIF-containing microcap-
sules with diameters ranging from 1-10 pym. Photomicrographs of represent-
ative samples are presented in Figures 86-90.

b) It is possible to microencapsulate the AFIF mixture, and obtain

some degree of sustained release. In most cases the average release time

was approximately 15-30 minutes, with the longest time at 56 minutes. .
c) The amount of corrosion inhibitor (% loading) contained in a given

sample of microcapsules was determined through atomic absorption analysis of

boron: 2.0 g of microcapsule sample was triturated with 25.0 ml deionized

water, and the solution was allowed to stand overnight; the sample was then ©

filtered to remove the solid material, and the filtrate was analyzed for

boron. The loading (g inhibitor/g sample) was calculated using the data for

the inhibitor formulation composition. The values fell in the 18-24 percent

range as illustrated in Table 19. Comparison of these values with the the- -1
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Figure 86,

Scanning electron photomicrographs of samples 602-2 and 602-3,
taken at 6,000X and 20,000X, respectivelv.
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Figure 87.

Scanning electron photomicrographs of samples 602-4 and 584-92,
taken at 6,000X and 20,000X, respectively.
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Figure 88.

5KY ¥2eeee @1

Scanning electron photomicrographs of samples 602-9 and
602-7, taken at 15,000X and 20,000X, respectively.
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Figure 89.

Scanning electron photomicrographs of samples 602-11 and
602-10 taken a2t 3,000X and 15,000X, respectively.
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Figure 90.

Scanning electron photomicrographs of samples 602-12 and
584-56, taken at 6,000X and 20,000X, respectively.
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TABLE 19. BORON ANALYSIS BY ATOMIC ABSORPTION SPECTROSCOPY

Sample Percent Loading
602-56 18.0
602-43 21.4
602-48 14.4
602-51 23.7

oretical percent loading values indicated that the microcapsules contained
from 76 to 96 percent of their theoretical capacity, indicating the inter-
facial polymerization technique for microencapsulation was quite efficient
for the AFIF mixture.

d) pH measurements of the net change in pH value over the time course
of corrosion inhibitor release indicated a net release of an acidic core
material from the microcapsule into the aqueous medium (Table 20). Since
HCl1 is a by-product of the condensation reaction, the microcapsules were
also tested for release of chloride anions. The weight percentage of chlo-
ride ion contained in the microcapsule core was found to range from 5.6 to
11.0 percent (Table 21). While the condensation reaction is known to occur
primarily in the organic phase, apparently there is a sufficient thermo-
dynamic and/or kinetic driving force for migration and partitioning of the
HC1 into the aqueous core phase. Obviously, since the entrapment of
chloride ions in the microcapsules is unacceptable for an anticorrosive
system, alternatives to the nylon 6,10 reaction were sought which would not

yield an undesirable by-product.

E. Polyurea Microcapsules

1. Initial Formulation Work

Of the polymer candidates which are useful in forming microcapsule
membrane walls through interfacial polymerization, the polyureas offer the
best chance of success for providing the improvement needed over the nylon

6,10 system. Polyureas are similar in physical and mechanical properties to
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.
, TABLE 20. pH PROFILE OF MICROCAPSULE RELEASE
I Sample pH ApH
‘ (water blank)
: 602-70 8.4 +0.6
602-72 8.0 +0.9
i 602-73 8.0 +1.0
t 602-74 7.2 -4.8
' 602-75 7.3 -5.0
602-76 7.6 -5.6
B 602-77 7.3 -5.3
i 602-78 7.1 -4.3
602-79 7.1 -4.2
602-80 7.3 -4.5
j 602-81 7.4 ~-4.5
F. 602-82 7.3 -4.4
g 602-89 7.1 -4.1

TABLE 21. WEIGHT PERCENT CHLORIDE IN SELECTED MICROCAPSULE SAMPLES

Sample Percent Chloride
602-41 .6
602-67-L .8
602-75 11.0
602-77 6.4
602-79 .8
602-81 8.2
602-83 10.2
153
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the nylon systems, and are therefore capable of providing the high degree of
integrity needed in the end application. The high level of cohesive energy
density associated with the urea linkages ensures good solvent resistance
and tractability of the microcapsules with the solvent mixture used in the
epoxy-polyamide primer formulation. Polyureas are formed through the reac-
tion of a diamine and a diisocyanate without the release of a by-product,
thereby avoiding the chloride problem associated with the nylon system. The
major disadvantage of substituting a polyurea for nylon arises from dif-
ferences in reaction kinetics and surfactant-polymer interaction energies,
which may mitigate direct transference of the technologies established with
the nylon 6,10 system.

The initial attempts to form polyurea microcapsules involved only one
change in the established nylon 6,10 procedure. Sebacyl chloride was re-
placed by toluene-2,4-diisocyanate (TDI), leaving all other ingredients and
parameters unaltered. The modified encapsulation process took place without
any significant observable change, but scanning electron microscopic (SEM)
analysis indicated the formation of a spongy, reticulated structure possess-
ing only the remnant characteristics of microcapsﬁles (Figure 91).

In subsequent attempts, the kinetics of the polyurea reaction vere
modified by use of a catalyst, dibutyltin dilaurate (DBTDL). Tin catalysts
increase the rate of the addition reaction needed to form the membrane wall
over that of side reactions, such as hydrolysis by water. The procedure
used for the preparation is presented in Table 22. SEM analysis of the
product revealed the formation of polyurea microcapsules, with a large
population possessing particle sizes below 1.0 um (Figure 92).

Further evidence that the use of TDI resulted in the generation of a
finer particle size product was inferred from the changes which occurred in
the rheological characteristics of the emulsion during the polymerization
reaction. In fine particle size emulsions the nearest neighbor distance
between particles is greatly diminished, and as a result the viscosity of
the suspension greatly increases. While increased viscosity was not a
problem with the nylon 6,10 system, the polyurea system displayed such a
marked viscosity increase during the final stages of the TDI addition that
mixing was impaired. Subsequent preparation variations demonstrated that
complete cessation of mixing could be avoided by programming the addition
rate of the TDI-containing phase over an approximate 3-minute period. SEM

analysis of a sample prepared in this manner (619-5) indicated the formation
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Figure 91.

Microcapsule structure for the reaction product of I and
hexane-1,6-diamine.
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TABLE 22. INITIAL PROCEDURE FOR POLYUREA MICROENCAPSULATION
OF THE AFIF MIXTURE

A. -Solution Preparation
1. 4.0 g hexane~1,6~diamine + 5.0 g AFIF + 0.5 g Brij 58 +
50.0 ml of deionized water.

2. 2.0 g Brij 72 + 0.5 drop dibutyltin dilaurate in 100.0 ml
of cyclohexane/chloroform, 2.2/1 (v/v).

3. 6.1 g toluene-2,4-diisocyanate (2% molar excess over the amine)
in 25.0 ml of cyclohexane/chloroform, 2.2/1 (v/v).

B. Reaction Procedure

1. Set blender temperatufe at 40°C.

2. Add solution (1) to blender at 16500 rpm.

4. Add solution (3) to blender, dropwise, at 16500 rpm.

5. Add solution (3), dropwise; allow blender to run 30 sec after
solution (3) is added.

6. Remove product from reaction vessel.

C. Purification and Isolation

1. Transfer reaction product into Erlenmeyer flask.

2. Extract the suspended product repeatedly with pure cyclohexane
(300-400 m1, 3X).

3. Store the product in pure cyclohexane, suspended within the

Erlenmeyer flask.

a4
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Figure 92. Microcapsule structure for the reaction product of TDI and
hexane-1.6-diamine using DBTDL catalyst.
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of intact microcapsules, many of which were in the 1.0-5.0 pm particle size
range (Figure 93). Analysis of the particle size distribution by means of
Coulter Counter indicated that only 1.8 volume percent of microcapsules
possessed particle sizes in excess of 16 ym. The mean particle size (volume
percent) was 6.17 pm with a 1.39 pm standard deviation (Figures 94 and 95).

In many of the experimental runs where mixing was impaired, the result-
ing product was found to possess aggregated material ranging from 0.1 to
1 mm in diameter. To eliminate the formation of the aggregated material, a
partial optimization study was conducted which involved examining the ef-
fects of phase ratio, rate of TDI addition, and particle surface composi-
tion. Table 23 indicates the various parameters investigated in the study.

The following qualitative conclusions were drawn:

a) An increase in phase volume decreased the aggregate formation but
produced microcapsules which rapidly flocculated when dispersed in a 7%
NHASCN/isopropanol (IPA) solution (619-18 versus 619-20). Dispersal in the
NHASCN/IPA solution was a requirement for Coul;er Counter particle size
determinations.

b) An increase in the TDI addition time decreased the formation of the
aggregates but produced capsules which flocculated in the NH,SCN/IPA solu-

tion (619-18 versus 619-19).

4

c) Microcapsules prepared in the presence of an excess of TDI (perhaps
producing a urethane surface) demonstrated greater tendency to remain dis-
persed in the NHASCN/IPA medium than those prepared using a limiting amount

of TDI (producing an amine-rich surface).

The procedural modification which utilized a phase ratio of 50/150 (ml
aqueous/ml organic), a TDI addition rate of approximately three minutes, and
a slight excess (2 % based on stoichiometry) of TDI yielded a suspension
with improved mixing characteristics (free of aggregates) and microcapsules
with good flocculation resistance. Analysis of microcapsules prepared by
means of these procedural changes indicated the presence of spherical,
intact microcapsules (Figure 96) with a narrow pairticle size distribution

(Figures 97 and 98).
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Figure 93. SEM analysis of 619-6 microcapsules.
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SAMPLE: CE4275 GSRI MICROCAPSULES EQUIPMENT: TAII ACCUCOMP
ELECTROLYTE: ASCN/ IPA APERTURES: 70
DISPERSANT:
CH.# SIZE DIFF CUM
VOLY% VOL%
1 1 .1 100
2 1.26 .1 99.9
3 1.59 .3 99.8
4 2 .7 99.5
5 2.52 1.8 98.8
6 3.17 5.4 97
7 4 14.2 91.6
8 5.04 27.5 77.4
9 6.35 31.5 49.9
10 8 14.6 18.4
11 10.08 2.5 3.8
12 12.7 .5 1.3
13 16 .3 .8
14 20.16 .2 .5
15 25.4 .1 .3
16 32 0 .2
VOLUME % STATISTICS
MEAN: 6.17 um STANDARD DEVIATION: 1.39 pum
MEDIAN: 6.34 pym SKEWNESS : .99 NEGATIVE
MODE: 6.63 pm KURTOSIS: 1.07 PLATYKURTIC
»e
o
E
=
2
LI | l_zé_-!-_l 51 T | . v ] LA
Size in um
Figure 94. Coulter counter particle size analysis of 619-5 (volume percent).
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SAMPLE: CE4275 GSRI MICROCAPSULES EQUIPMENT: TAII ACCUCOMP

ELECTROLYTE: 7% NH, SCN/IPA APERTURES: 70

DISPERSANT: NONE

CH.# SIZE DIFF CUM
VOL% VOLY%

1 1 24.7 100

2 1.26 8.3 75.3

3 1.59 7.1 67

4 2 6.7 59.9

5 2.52 7.3 53.2

6 3.17 10 45.9

7 4 13 35.9

8 5.04 13 22.9

9 6.35 8 9.9

10 8 1.8 1.9

11 10.08 .2 1

12 12.7 0 0

13 16 0 0

14 20.16 0 0

15 25.4 0 0

16 32 0 0

POPULATION STATISTICS

MEAN: 2.65 pm STANDARD DEVIATION: 1.97 pm

MEDIAN: 2.79 pm SKEWNESS : 1.01 POSITIVE

MODE : 1.12 pm KURTOS1S: 1.39 PLATYKURTIC
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Figure 95. Coulter counter particle size analysis of 619-5 (population percent).
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Figure 96. SEM analysis of microcapsules produced through a partially
optimized procedure (619-21).
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SAMPLE CE4323 GSRI MICROCAPSULES

ELECTROLYTE: 7% NH4
DISPERSANT: NONE

EQUIPMENT: TAII

SCN/IPA APERTURES: 100

CH.# SIZE DIFF CUM
VOL% VOL%
1 1.26 0 100
2 1.59 0 100
3 2 .5 100
4 2.52 1.6 99.5
5 3.17 4.8 97.9
6 4 11.6 93.1
7 5.04 22.2 81.5
8 6.35 26.8 59.3
9 8 20.2 32.5
10 10.08 9 12.3
11 12.7 3 3.3
12 16 .3 .3
13 20.16 0 0
14 25.4 0 0
15 32 0 0
16 40.32 0 0
VOLUME % STATISTICS
MEAN: 6.8 pm STANDARD DEVIATION: 1.42 pm
MEDIAN: 6.88 pm SKEWNESS: .99 NEGATIVE
MODE : 6.98 pm KURTOSIS: 1.05 PLATYKURTIC
-
-
-
N -
@
E -
3
-
[e) -
>
-
1571 7 LYCA PR }‘<%-E*Ig1 ™7
Size in um
Figure 97. Coulter counter particle size analysis of 619-21 (volume percent).
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SAMPLE: CE4323 GSRI MICROCAPSULES

EQUIPMENT: TAII

ELECTROLYTE: 7% NHASCN/IPA APERTURES: 100
DISPERSANT: NONE
1 1.26 5.6 100
2 1.59 7 94.4
3 2 8.4 87.4
4 2.52 10.9 79 .
5 3.17 15.2 68.1 1
6 4 18.3 52.9
7 5.04 17.8 34.6
8 6.35 11.2 16.6
9 8 4.4 5.6
10 10.08 1 1.2 -
11 12.7 2 .2 :
12 16 0 0
13 20.16 0 0
14 25.4 (4] 0
15 32 0 0
16 40.32 0 0 -
L
POPULATION STATISTICS b
MEAN: 3.91 pm STANDARD DEVIATION: 1.65 pm
MEDIAN: 4.15 pm SKEWNESS: .96 NEGATIVE :
MODE: 4.89 pm KURTOSIS: 1.17 PLATYKURTIC .
] o
. ]
- -
o !
. |
af
& -
o] -
El
& T
o, g
iy 73y v 7 V7 768 LB 0L I L L LA -
Size in um
Figure 98, Coulter counter particle size analysis of 619-21 (population percent).
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An in-depth optimization study of the polyurea system, or investigation
of other modes of encapsulation, was beyond the scope of this program phase.
The procedure modification outlined in Table 24 was judged suitable for the

preparation of microcapsules which would serve as models for release stud-

ies.
TABLE 24. OPTIMIZED PROCEDURE FOR POLYUREA MICROENCAPSULATION
A. Solution Preparation
1. 4.0 g hexane-1,6-diamine + 5.0 g AFIF + 0.5 g Brij 58 +
50.0 ml deionized water.
2. 2.0 g Brij 72 + 0.5 g of 4.72% (w/w) dibutyltin dilaurate/
cyclohexane + 125.0 ml of cyclohexane/chloroform, 2.2/1 (v/v).
3. 6.1 g toluene -2,4-diisocyanate + 25.0 ml of cyclohexane/chloro-
form, 2.2/1 (v/v).
B. Reaction Procedure
1. Set blender temperature = 40°C.
2. Add solution (1) and (2) to the blender, emulsify at 16500 rpm.
3. Add solution (3) dropwise over a 3 minute period.
4. Remove product from the reaction vessel.
C. Purification and Storage
1. Extract the polyurea microcapsules with 300-400 ml of pure
cyclohexane, 3X.
2. Store, in suspended form, in pure cyclohexane.
2. AFIF Inhibitor Release Studies in Aqueous Solution from Polyurea
Microcapsules

One of the problems associated with release testing of the nylon
6,10 system was aggregate formation when the microcapsules were introduced
into the release medium. Since aggregation of the microcapsules in an
aqueous medium may preclude obtaining quantitative release data, the method-
ology needed to obtain a finely divided dispersion was investigated. The
preliminary approach involved sequential washings of the microcapsule/cyclo-
hexane mixture with methanol to remove the water-immiscible hydrocarbon.
Upon removal of the cyclohexane fraction, 0.5 g of microcapsules in methanol

were added to 50 ml of deionized water containing 0.1 percent Brij 58 sur-
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factant. The resulting mixture was stirred and conductivity readings were
taken in the normal manner. Using polyurea microcapsules prepared at a
phase ratio of 50/125 (ml aqueous/ml organic) (Sample 619-18 in Table 23),
the procedural changes were found to produce good dispersions which showed
approximately linear release of ionic species up to 1 hour (Figures 99 and
100).

Since rapid dehydration and rupture of the microcapsule wall could
occur upon contact with the methanol phase, attempts were made to gradually
remove the cyclohexane phase by vacuum stripping. Thus, 0.5 g of microcap-
sules dispersed in cyclohexane was stirred in 50 ml of a 0.1% Brij 58 sur-
factant solution while vacuum (approximately 20 mm of Hg) was applied to the
head space. While this procedure effectively removed the cyclohexane phase,
excessive aggregation of the microcapsules occurred during the later stages
of vacuum stripping.

Fortunately, good dispersions of polyurea microcapsules could be ob-
tained by emulsifying the microcapsule/cyclohexane mixture (0.5 g of micro-
capsules) in 50 ml of deionized water containing 0.1% Brij 58. The release
profiles obtained through this procedure for Samﬁle 619-21 are presented in
Figures 101 and 102.

While some variation exists in these results, the release times ob-
tained through this approach ranged from 60 to 90 minutes. Interestingly,
Sample 619-48 continued to demonstrate slow release after 120 minutes. The
burst effect did not occur with the polyurea microcapsules, which suggests
that a nearly quantitative yield of microencapsulated inhibitor was
achieved. The burst ratio is defined as the conductivity after 1 min of
release divided by the conductivity at the maximum release time. The burst
effect characteristic of the nylon 6,10 system was associated with rapid
release of HCl into the release medium.

Since a primary objective for using the microencapsulation approach
involved obtaining the proper release of the AFIF components, further in-
vestigations were undertaken to determine its suitability for providing
quantitative release data. The release data obtained by means of con-
ductivity measurements may be considered somewhat qualitative for several

reasons:
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a) Five of the six inhibitor constituents utilize the sodium counter-
ion. The sodium ion has the largest charge to mass ratio and also the
smallest Van der Waals radius of the various species present. Thus, during
the initial stage of diffusion, sodium ions may be the predominant species
detected through conductivity measurements. Presumably, after contact of
the aqueous phase with the microcapsule wall, the preferential diffusion of
sodium ions will continue until the thermodynamic term for counter-ion
attraction exceeds the kinetic and thermodynamic term associated with sodium
ion hydration and solution activity. Thus, at some point, equilibrium
between diffusion and re-entry may occur, and a Stern layer consisting of
sodium ions mzy be associated with the microcapsule surface. The occurrence
of this phenomenon may affect conductivity readings.

b) In spite of vigorous agitation, a boundary layer of water and/or
cyclohexane may be associated with the microcapsule. This layer provides
additional resistance to disruption of the Stern and diffuse layers, or in
the case of cyclohexane, wetting of the microcapsule wall.

c¢) Since each inhibitor ionic component possesses a different charge-
to-mass ratio, diffusion coefficient, and activity coefficient, the conduc-
tivity measurement does not provide information on the rate of diffusion of
each inhibitor specie. Additionally, sodium hexametaphosphate assumes a
cyclic configuration which may inhibit diffusion through the microcapsule
wall. Mercaptobenzothiazole is not significantly water soluble, and may

remain inside the microcapsule.

In light of these considerations, the need was obvious for establishing
quantitative release data which would provide information regarding the
diffusion rate of each inhibitor species. Additionally, if quantitative
release data were obtained on microcapsules containing only a single inhibi-

tor species, the following theoretical parameters could be determined:

s) For each of the separately encapsulated species, concentration
versus time profiles could be determined, thereby providing the release time
half-life, t%, for the release process. From particle size distribution
analysis and loading analysis, the diffusion coefficient, D, could be ob-

tained using the following relationship (40):
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- (2a)2 (1n 2)

Ty 36 RD

, where

Y
1

inner microcapsule radius;

mass ratio of encapsulated material to the wall membrane,

i%f , L = loading;
D = diffusion coefficient.

where R =

b) By curve fitting, the order of the diffusion process can be deter-
mined. Ideally, diffusion will be first order. Once the order is estab-
lished, various thermodynamic parameters can be determined by establishing
the temperature dependence of the diffusion process and fitting the kinetic
data obtained at varying temperatures to the Arrhenius and Eyring Models.
The Arrhenius and Eyring equations may be rewritten in the following forms

to facilitate data reduction:

Arrhenius equation: In k = In A - ( g% )
k T ¥
. - k2 B, _aH 4S
Eyring equation: In ( T ) = 1n ( i ) Tt ¥ R

where R = gas constant,

=
o w
I}

Boltzman's constant,

Planck's constant, and

Arrhenius pre-exponential factor.

Thus, from an appropriate plot of 1ln k versus 1/T, or 1n(k/T) versus 1/T,

such thermodynamic quantities as activation energy (Ea), enthalpy of activa-

tion (AHT), and entropy of activation (AST) may be obtained.

The above discussion illustrates that efforts to establish quantitative
release data may be either semi-applied or theoretical. Obviously, the
semi-applied approach is more likely to provide information aligned with the

goals of the project. Since corrosion resistance is greatly dependent upon
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the migration ability of specific AFIF components to potential sites of
anodic and cathodic substrate reactions, emphasis was focused initially on
establishing the release profiles for each constituent of the AFIF mixture.
The AFIF mixture consists of 68% by weight sodium borate, and thus initial
studies involved determining the release profile of the borate constituent.
The following procedure was used to determine each separate sample data
point.

Eight milliliters of a microcapsule/cyclohexane suspension (0.12 g
microcapsules) was added to 30.0 ml of deionized water containing 0.1% Brij
58 surfactant. The sample was stirred vigorously for a specified interval
of time (10 min, 20 min, 30 min, 60 min, 2 hrs, 4 hrs, 24 hrs, 48 hrs), then
immediately poured into a pressure ultrafiltration unit fitted with a 0.45
pm pore size millipore filter. The solution was rapidly filtered, and the
filtrate transferred to a separatory funnel for ~ 1 hr. After the water and
cyclohexane layers separated, the water layer was collected, conductivity
measurements were made, and the sample was stored until atomic absorption
analysis for boron was performed.

Figure 103 compares the release data obtained through conductivity and
atomic absorption analysis. The release times in each case are greater than
3 hrs, and excellent agreement exists between the two methods of analysis.
The surprisingly good correlation between the two methods suggests that the
composite mixture of AFIF components diffuses through the polyurea membrane
at the same rate as the borate anion. If such nonselective diffusion oc-
curred, then the ionic permeability of the polyurea membrane might be larger

than is desired.

3. Development of Microcapsules with Longer Release Times

The occurrence of a nonselective diffusion process indicates
either the use of an inefficient encapsulating material (the reaction pro-
duct of TDI and hexane-1,6-diamine) or the lack of microcapsule wall in-
tegrity (arising from wall defects or insufficient wall thickness).

If this anomalous effect is associated with the integrity of the micro-
capsule wall, the following theoretical considerations are relevant. Assume
a spherical microcapsule of inner radius a and wall thickness h. The diame-
ter of the microcapsule is therefore given by the expression d = 2 (a + h).

The release rate of the active substance from a spherical microcapsule is
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intimately related to the parameters a and h, each of which is governed by
several intrinsic factors associated with the properties of the emulsion.

Based on the mathematical model for diffusive release of an active
material from a spherical microcapsule, the following relationship for the
release half-life holds:

. - ah(ln 2)

% D ’
where D is the diffusion coefficient. D is sometimes called the diffusion
constant, but experimental data has revealed that D often is a function of
concentration, and is more appropriately termed a coefficient.

The parameter a is directly related to (and determined by) the emulsion
particle size which exists immediately prior to the interfacial polymeriza-
tion reaction. The release half-life, T, may be increased by using surfac-
tants and stirring rates which provide larger diameter particles; however,
due to the end use of this particular product (e.g. very thin primer films),
such an approach would be counterproductive for increasing T.

The parameter h, the wall thickness, is directly related to the inter-
facial polymerization reaction rate and to the absolute amount of wall
forming monomers available, or if stoichiometric amounts are not used, upon
the limiting reagent. Assuming kinetics such that the reactions (via DBTDL
catalysis) are rapid with respect to the experimental procedure, and that
stoichiometric amounts of hexane-1,6-diamine and toluene-2,4-diisocyanate
are used, the wall thickness h depends on the amount of monomer material
present in the solutions initially made up for the synthetic process. Thus,
increases in monomer concentration should increase T in a proportional
manner.

While internal parameter changes, such as surfactant ratio or stirring
rate, could be made which affect the particle radius, a, theoretically it is
preferable to initially consider approaches which will control the wall
thickness, h. The most effective approach for increasing wall thickness
lies in increasing the deposition of the polyurea on the outer surface of
the growing particle (accretion of wall material) which may be effected
readily through small changes in the monomer concentration.

In line with the above considerations, a study was conducted with the
objective of gaining greater control over the ion diffusion process through

increased microcapsule wall thickness. To obtain quantitative results (by

176

]

PSRN Y




means of atomic absorption) on the rate of release, the microcapsules were
prepared using sodium borate as the sole inhibitor species. The control
system (619-70) employed the same preparation method that was utilized in a
previous study (see Table 24). The experimental systems were prepared using
quantities of TDI and hexane-1,6-diamine which represented a 30 and 70 per-
cent increase in the polymer content (wall material) over the control,
respectively (see Tables 25 and 26 for procedure). Since increases in wall
thickness could be detected through diffusion rate measurements, conductivi-
ty release studies were performed to determine the success of the approach.
The release characteristics for the control (619-70), the 30% modification
(619-74) and 70% modification (619-81) are presented in Figures 104, 105,
and 106, respectively.

While some variation exists among duplicate runs, in general these
results indicated that both the 30% and 70% wall thickness modifications
displayed slower rates of release than the control system. The approximate
maximum release times for each system were: control ~ 100 min, 30% wall
increase ~ 200 min, 70% wall increase ~ 200 min.

Analysis of the microcapsule samples by scanning electron microscopy
indicated that the procedure used to gain additional wall thickness may have
created a somewhat anomalous growth pattern. Evaluation of the samples at
100 mm resolution suggested that the procedural change resulted in aggrega-
tion or clustering of the microcapsules (Figure 107). Higher resolution
photomicrographs taken at 1 mm scale indicated the occurrence of a marked
char.ge in the surface morphology of the samples (Figure 108). These results
suggest the possibility of three growth modalities: a) larger, irregularly
shaped microcapsules, b) the generation of amorphous material embedding
smaller microcapsules, or c) the generation of amorphous polymer which may
or may not contain the aqueous AFIF mixture. However, the interpretation of
these results is uncertain since amorphous polymer formation has been noted
in SEM's of other microcapsule samples which has not been detected through
other means of characterization.

Nevertheless, evaluation of these samples while dispersed in the cyclo-
hexane phase by optical microscopy does indicate the presence of either
aggregation or larger diameter microcapsules of irregular shape. Yet for
the 30 percent and 70 percent increase in wall thickness samples, a prepon-

derance of nonaggregated, spherical microcapsules was also noted. Under
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TABLE 25. POLYUREA MICROCAPSULE (619-74) PROCEDURE FOR 30% WALL FORMATION

INCREASE (OVER 619-45)

Solution Preparation

1.

2.

5.2 g hexane-1,6-diamine + 0.5 g Brij 58 + 3.0 g NazB 0_°10H,0 + 50.0 ml

deionized H20. 47 2

2.0 g Brij 72 + 0.5 g of 4.73% (w/w) DBTDL/cyclohexane + 125 ml of
2.2/1 (v/v) cyclohexane/chloroform.

7.93 g toluene-2,4-diisocyanate + 25.0 ml of 2.2/1 (v/v) cyclohexane/
chloroform.

Reaction Procedure

1.

5.

Temperature = 40°C.
Add solution (1) to the blender at 16,500 rpm.
Add solution (2) to the blender at 16,500 rpm.

Add solution (3) to the blender, dropwise, at a rate of ~2.1 ml/15s
(3.0 min total addition time].

Remove product.

Purification/Storage

1.

2.

3.

Pour the reaction product into a 1.0 1 Erlenmeyer flask.
Extract the microcapsules with 300-400 ml of pure cyclohexane x 3.

Store the product in the Erlenmeyer flask, under pure cyclohexane, in
suspension form.
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TABLE 26.

INCREASE (OVER 619-45)

POLYUREA MICROCAPSULE (619-81) PROCEDURE FOR 70% WALL FORMATION

Solution Preparation

1.

6.76 g hexane-1,6-diamine + 0.5 g Brij 58 + 3.0 g N32B407°10H20 +
50.0 ml deionized HZO'

2.0 g Brij 72 + 0.5 g of 4.73% (w/w) DBTDL/cyclohexane + 125 ml of
2.2/1 (v/v) cyclohexane/chloroform.

10.31 g toluene-2,4-diisocyanate + 25.0 ml of 2.2/1 (v/v) cyclohexane/
chloroform.

Reaction Procedure

1.

5.

Temperature = 40°C.

Add solution (1) to the blender at 16,500 rpm.

Add solution (2) to the blender at 16,500 rpm.

Add solution (3) to the blender, dropwise, at a rate of ~2.1 ml/15s

{3.0 min total addition time].

Remove product.

Purification/Storage

1.

2.

Pour the reaction product into a 1.0 1 Erlenmeyer flask.
Extract the microcapsules with 300-400 ml of pure cyclohexane x 3.

Store the product in the Erlenmeyer flask, under pure cyclohexane, in
suspension form.
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Figure 107.

(A)

(B)

SEM photomicrographs of (A) 619-70, (b) 619-74 and (C) 619-81.
Scale bar in A and B is 100 ym, 10 um in C. (Figure continued
on following page).
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Figure 107. (continued from previous page). 1
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Figure 108.

(a)

3 ,', _ b
20K X30008 1.0U GOl

(B)

1.0U GSRI

SEM photomicrographs of (A) 619-70, (B) 619-74 and (C) 619-18.
Scale bar is 1.0 um. (Figure continued on following page).
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Figure 108. (continued from the previous page) . ]
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optical microscopy sample 619-70, the control, appears to be similar to
earlier samples such as 619-45, which was free of irregularities and agglom-
eration.

Since changes in the ionic strength of the aqueous phase may have
reduced the effectiveness of the surfactant in the emulsion stage, attempts
were made to eliminate the agglomeration problem through the use of higher
levels of surfactant. Table 27 presents a formulation (619-95) in which the
amount of organic phase surfactant (Brij 72) was increased by 50% over the
control (619-81) which represented a 70% increase in polymer mass compared
to (619~70). SEM evaluation of the microcapsule morphology indicated a
similar agglomeration and amorphous structure, as was found in 619-81 (Fig-
ure 109). However, evaluation of the degree of dispersion and microcapsule
size and morphology by optical microscopy indicated that 619-95 was more
similar in characteristics to 619-70 than to 619-74 or 619-81. The release
data for 619-95 (Figure 110) support this trend, in that shorter release
times were obtained which may suggest a change in wall thickness or the
degree of amorphous polymer embedment.

In order to determine whether or not increases in polymer/aqueous phase
ratio resulted in increased wall thickness, microcapsule fracture studies
were conducted as a means of monitoring the extent of wall thickness. The
samples were prepared by dispersing a microcapsule/cyclohexane mixture in an
epoxy embedding compound, and freeze-fracturing the resulting samples in
liquid nitrogen (see Table 28).

SEM characterization of the resulting fractured microcapsules (Sample

619-70) revealed some interesting structural occurrences:

a) The microcapsules possess a cavity which constitutes approximately
80% of the overall diameter. Thus, the microcapsule wall thickness consti-
tutes approximately 10% of the overall diameter (Figure 111).

b) The microcapsules may be single or multicavitied (Figure 112).

c) The walls of the microcapsules may be somewhat porous. The retic-
ulate structure may arise from foam entrapment, a non-uniform accretion
process, or entrapment of smaller aqueous droplets. Obviously, microcap-
sules possessing a reticulated wall structure would provide greatly reduced

release times (Figure 113).
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TABLE 27. POLYUREA MICROCAPSULE (619-95) PROCEDURE FOR 50% ORGANIC PHASE
SURFACTANT INCREASE (OVER 619-81)

ﬁ Solution Preparation
! 1. 6.76 g hexane-1,6-diamine + 0.5 g Brij 58 + 3.0 g Na,B 0, -10H,0 +
50.0 ml D.I.HZO.
2. 3.0 g Brij 72 + 0.5 g of 4.73% (w/w) DBTDL/cyclohexane + 125 ml of
- 2.2/1 (v/v) cyclohexane/chloroform.

3. 10.31 g toluene-2,4~diisocyanate + 25.0 ml of 2.2/1 {v/v) cyclohexane/
chloroform.

# Reaction Procedure
1. =

Temperature = 40°C.

2. Add solution (1) to the blender at 16,500 rpm.

3. Add solution (2) to the blender at 16,500 rpm.

4. Add solution (3) to the blender, dropwise, over a 3.0 min period at
16,500 rpm.
5. Remove product.

Purification/Storage

1. Pour the reaction product into a 1.0 1 Erlenmeyer flask.
2. Extract the microcapsules with 300-400 ml of pure cyclohexane x 3.
3. Store the product in the Erlenmeyer flask, under pure cyclohexane, in

suspension form.
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Figure 109. SEM photomicrographs of sample 619-95 (A, scale bar is
100 um) and (B, 1.0 um scale bar).
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TABLE 28. EMBEDDING PROCEDURE FOR SEM FREEZE-FRACTURE ANALYSIS
OF MICROCAPSULES

Weigh out 15.0 g of Buehler Met-A-Test epoxy.

Blend in microcapsules in cyclohexane suspension, to obtain ~10% micro-
capsules by (dry) weight. Microcapsules were concentrated prior to

blending by solvent evaporation.

Blend the microcapsules, cyclohexane, and epoxy well by magnetic stir-
rer; allow to sit ~10 min to displace air bubbles.

Add 2.0 g Buehler Met-A-Test hardener; blend in via magnetic stirrer;
allow to stand for ~5.0 min to displace air.

Add 2 drops DMP-30 catalyst; mix rapidly; allow to stand ~5 min.
Pipet the mixture into molds; allow to harden overnight.

Perform SEM freeze fracture analysis, using ligquid Nz.
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Figure 111. SEM photomicrograph of freeze-fracture analysis of 619-70
microcapsules, displaying dimensions.

192




R S BRSNS %)

Figure 112, SEM photomicrograph of freeze-fracture analysis of 619-70
microcapsules, showing the various cavitv configurations.

193




Figure 113.

SEM photomicrograph of freeze-fracture analvsis of 619-70
microcapsules, revealing the membrane wall porosity.
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While considerable effort was expended in generating freeze-fractured
SEM's of the thicker-walled microcapsule samples, the results obtained were
not comparable to those of the control. Although certain deficiencies, such
as the reticulated structure and the formation of amorphous structure, were
associated with this last generation of microcapsules, the use of an en-
hanced wall accretion process to gain sustained release significantly im-
proved performance characteristics as compared to the initial approach. The
encouraging results were that AFIF-containing microcapsules could be pre-
pared in the 1 to 10 um range which displayed controlled release over a
3-4 hr period. These microcapsules were judged suitable for subsequent
studies to evaluate the effectiveness of the microencapsulation approach in

achieving sustained release.

4. Loading Determination of Polyurea Microcapsules

In studies relating to the development of AFIF-containing micro-
capsules, the AFIF loading value of the microcapsules is of theoretical and

practical importance. The degree of loading may be defined as:

loading = amount.lnhlbltor x 100
amount microcapsules

Since the AFIF mixture is encapsulated as a 10% aqueous solution, the
loading parameter is very sensitive to variation in water content. The
state of hydration is an intrinsic factor which affects the loading parame-
ter. In the "stored" state (i.e., slurry in cyclohexane), the organic phase
surrounding the microcapsules acts as a transport barrier to retain water in
the product. Since variable water contact can dramatically alter the re-
sults of loading value determinations, an experiment was performed to estab-
lish the water loss as a function of time to obtain the initial water con-
tent through extrapolation. Additionally, dry loading values were obtained
by subsequently removing all the water from the samples by vacuum drying at

temperatures less than the T8 of the polymer.
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A simple model for the dry loading value may be given which is reason-
able from the aspect of material balance. Consider Table 29, which lists
all the main components for the samples prepared using the established
preparation method, excluding the organic phase solvent and DBTDL catalyst.
In this simple model, assume all the HZO can be removed, and that the
Brij 72 may or may not be "locked" into the membrane wall as it is depos-
ited. Furthermore, assuming that no competing side reactions occur, the dry
loading value is given as follows:

c

Dry Loading (Theoretical) = ATBTCIDIE

X 100,
with all quantities in grams.

The results of the theoretical "dry" loading calculations, with both E = O,
E # 0, are given in Table 30, along with the experimental values for the
loading, as determined by atomic absorption analysis of boron.

The experimental procedure utilized in the boron atomic absorption
spectrometric determination of the 1loading is given in Table 31. The
results obtained using this procedure indicate that the experimental loading
values are in the general range of the theoretical values (16 to 26%).
However, the considerable variability in the results of the various samples
precludes quantitative conclusions. Such variability may be inherent in the
procedure selected for the determination. This variability was also found
to be prevalent in studies to determine the rate of water loss from the
sample.

The procedure used to determine the water release time was identical to
that presented in Table 31; the microcapsule suspension was placed in an
evaporating dish and weight loss was monitored as a function of time. Obvi-
ously, the initial component to be lost should be the cyclohexane phase
followed by the water phase. The results of the study for samples 619-70,
74, 81 and 95 are presented in Figures 114, 115, 116, 117, respectively.
Due to the variability in the dry loading results, interpretation of the
drying curve data is of little value in calculating the actual amount of H20
contained in the microcapsule samples. However, the observed rapidity with
which the H20 left the samples was unforseen. Within 20-40 min after the
bulk of the cyclohexane phase evaporated, all the HZO had evaporated. This

effect may be associated with the reticulated wall structure or the nature
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TABLE 29. COMPOSITION OF MICROCAPSULE SAMPLES
Component amounts (in grams)
Designator Component 619-70 619-74 619-81 619-95
A hexane-1,6-diamine 4.0 5.2 6.76 6.76
B toluene-2,4-diisocyanate 6.1 7.93 10.31 10.31
C NazBAO7-10H20 3.0 3.0 3.0 3.0
D Brij 58 0.5 0.5 0.5 0.5
E Brij 72 2.0 2.0 2.0 3.0
HZO 50.0 50.0 50.0 50.0
TABLE 30. COMPARISON OF THEORETICAL AND EXPERIMENTAL LOADING DETERMINATION
Theoretical Theoretical Loading by
Dry Loading Dry Loading Atomic Absorption Avg. AA
Sample (E = 0) (E # 0) Trial 1 Trial 2 Loading YA T
619-70 22.0 19.2 49.7% 17.8 17.8 24
619-74 18.0 16.1 26.0 17.9 21.9 18
619-81 14.6 13.3 16.1 14.4 15.2 4
619-95 14.6 12.7 16.0 7.1 11.6 26

Discard this point as spurious
*% [Avg. AA Loading - Theor. Dry Loading (E=0)]

x 100

Avg. AA Loading

TABLE 31. PROCEDURE FOR DRYING CURVE AND LOADING ANALYSIS

1. Pour 10.0 ml of suspension of the microcapsule sample into a drying
dish.

Take weight (g) vs time (min) data until 0.

Dry the dish and sample in vacuum drying oven for 3-4 hrs.

Take final mass reading; calculate dry mass of wall and salt.

Collect known amount of the solid into a container; add 30.0 ml of 0.1%
Brij 58/H,0 to the solid; triturate and then stir, closed, for 6-8 hrs.

d (mass) N

LnwewN

6. Filter the suspension, collect the filtrate; measure the volume of the
filtrate.
7. Determine boron by AA analysis
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Figure 114. Drving curve for 619-70.
1
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Figure 116. Drying curve for 619-81.
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of the polymer which makes up the membrane wall. Obviously, rapid dehy-
dration of the microcapsule, in either the paint formulation or the coating,

could greatly alter the release characteristics.
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V. POLYMERICALLY-BOUND, TIME-RELEASABLE CORROSION INHIBITORS

A. Background

The chemical modification of carrier polymers with pendant, or che-
lated, corrosion-inhibiting functional groups was investigated as a method
of extending corrosion protection via controlled release rates. By binding
inhibiting pendant moieties directly to a polymer, several fundamental pro-
blems surrounding the application and consumption of the inhibitor are

addressed.

a) In conventional applications, initial inhibitor concentrations
necessary to achieve protection may cause undesirable effects (e.g., blis-
tering or loss or adhesion), while inhibitor erosion, consumption or deter-
ioration with time eventually lowers the concentration below its threshold
of effectiveness. A consistent release profile may theoretically be
achieved by binding the inhibitor to a polymer, minimizing the initial
stability shock to the system and providing an iﬁproved source of inhibitor
for long-term protection.

b) Release of the bound inhibitor is controlled by contact with a
corrosive environment, i.e., the penetration of water through the polymer-
primer matrix, solution pH, etc., creating a site-specific inhibitor system.

c) Release rates and the level of inhibitor may also be controlled by

varying the degree of polymer substitution.

A requirement for the preparation of polymerically-bound inhibitors is
that the polymer and inhibitor each contain accessible and mutually reactive
functional groups. Subsequently, the bond created in the reaction must
degrade under environmental conditions to release the active component. The
degree of substitution and accessibility of the bond to the hydrolyzing
environment will influence the release rate. Ultimately, the degree of
controlled release attainable with this type of approach is dependent on
several factors, including water sensitivity of the polymeric salt, com-
patibility of the modified polymer with the primer system, water perme-

ability of the primer matrix and mass transfer boundary layer conditions.
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Attachment to the polymer may be achieved through several bonding
mechanisms. The strongest or highest energy bond is a covalent bond, which
would be expected to provide the longest sustained released through the
time-dependent hydrolysis of the bond. As a general rule, the rate of
release is inversely related to the strength of the inhibitor-polymer bond.
Bond energies (AH) range from greater than 50 Kcal/mol for covalent bonds to
approximately 1 Kcal/mol for Van der Waals type forces. Bonds of intermedi-
ate strength are chelates (AH ~50 Kcal/mol), ionic (AH ~10 to 15 Kcal/mol)
and hydrogen bonds (1 to 10 Kcal/mol).

Two types of polymerically-bound inhibitor systems were investigated.
The first approach involved crosslinking poly(vinyl alcohol) (PVA) or methyl
cellulose chains via borate anions, while the second method introduced
pendant phosphonic acid moieties onto the methyl side groups of poly(2,6-di-
methylphenylene oxide). The selection of borate anion as an inhibitor in
this particular study was based on earlier evaluations of soluble salts, in
which sodium borate exhibited promising corrosion inhibitor characteristics
for steel. Sodium borate was bonded to the -OH functional groups of poly
(vinyl alcohol) or methyl cellulose, yielding a chelated borate anion with a
slow release rate. The probable crosslink structure obtained is illustrated

using PVA as a model (47):

+
HZC\HC -OH HZC\HC-O ) 0-CH /CHZ
2H c/ + H,BO, + NaOH > H c/ \B' - \CHZ +  4H)O
2 \HC-OH T 2 \HC-O/ ™~ o-cn/
H c/ H c/ \CH
2 2 2

Since borate ester bonds are hydrolyzed in aqueous solutions, the
polymers may release borate ions. The borate polymers synthesized by the
above design may not be suitable for solvent base paints because of their
hydrophilic character leading to possible nonuniform dispersion in solvent
base coating systems; however, they were useful as model compounds to test
the feasibility of this approach.

Polymers containing phosphate or phosphonate ester functional groups

can be hydrolyzed to obtain the phosphonic acid. Besides providing an
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anodically protective coating, these polymers are compatible with a large
variety of polymer systems. The structures of poly(phenylene oxide phos-
: phonate) (48) and poly(styrene phosphonate) (49) are shown below: -

; :

3 - (OCH3 ),
! {0—@—} *‘
CH3
[ poly(phenyleneoxide hydroquinone phosphate)
P ’ CH—CH>
s l: :I
- n
0]
poly(styrene phosphonate) -
B. Experimental
1. Borate Inhibitors Bound to Poly(Vinyl Alcohol) - T
The following procedures were employed in preparing the borate o]
polymers. A 10 g sample of PVA (<99 percent hydrolyzed) obtained from Poly-

sciences was dissolved in 40 ml dimethylformamide (DMF) at 60°C, and 1.0 g
boric acid was added after the mixture was cooled to room temperature.

. After filtration, the polymer was washed with methanol to neutralize the
acid. The polymer was precipitated by the addition of methanol and was
dried under vacuum. This polymer was crosslinked and would not dissolve
completely in water. The adjustment of the amount of PVA and boric acid to
3.0 g and 10 g, respectively, did not solve this problem.

The control of the cation to borate ratio is essential in obtaining a
stable, crosslinked gel and water solubility. Improved stability and water
solubility were achieved by the alkaline hydrolysis of poly(vinylacetate) to

obtain the sodium alcoholate. Hydrolysis of the acetate was carried out by
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slowly adding 10 ml of 5 percent NaOH in methanol to 25 g of poly(vinyl-
acetate) in 400 ml of CH30H at 30°C. After stirring for 25 min, the viscous
solution was poured into 400 ml methanol to precipitate the polymer. After
the polymer was washed with CH_OH and dried under vacuum, it was soluble in

DMF .

3

A 4 g sample of poly(vinyl alcoholate) in 300 ml DMF was mixed with 10
g boric acid in 200 ml of DMF. The mixture was heated to 50°C for 1 hr.
After cooling to room temperature, the polymer was precipitated by adding
acetone. After filtration the polymer was washed with CHBOH and vacuum
dried yielding 1.7 g polymer. Atomic absorption analysis of 0.25 g polymer
in 20 g distilled water showed a concentration of 650 ppm boron (i.e., the
equivalent of 0.3 g of NaZBO2 in 1 g of polymer).

2. Borate Inhibitor Bound to Methyl Cellulose

Methyl cellulose borate was prepared by placing 1 g methyl cellu-
lose in 20 ml chloroform and adding to 4 g boric acid in 25 ml DMF at 30°C.
After stirring the polymer for 1 hr, it precipitated during the reaction.
After filtration, the polymer was washed with methanol, 5 percent NaOH in
CH30H solution, and then acetone. The polymer was dried under vacuum. The
polymer yield was 1.1 g. Atomic absorption analysis revealed the equivalent

of 0.16 g of Na BO2 in 1 g polymer.

2

3. Chemical Modificiation of PPO

Poly(2,6-dimethy-p-phenylene oxide) (PPO, General Electric) was
chemically modified to introduce pendant phosphonate groups on the methyl
groups of the polymer, and the ester was then hydrolyzed to yield the phos-
phonic acid. Prior to phosphonation, the successive brominations of the
phenylene backbone and the methyl substituents were carried out. Phenylene
bromination was achieved at low temperatures (electrophilic substitution),

and bromination of the methyl groups was achieved at reflux (radical sub-

stitution).
CH3 . Cold Br CHg3
0 +nBrp —mMm—> 0 + HBr 0
2.Reflux
CH3 n CH28T n

Bromination
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The methyl bromine of the po'ymer was replaced according to the Arbusov

reaction by trimethyl phosphite and yields a pandent phosphonate group.

i
CH2—-P—0CH3

Z /

7 Br CHoBr Br OCH3

h 0 — + (CH30)3P —> 0 + CHzBr -
CH3 n CH3 n

' Phosphonylation

The polymer was then hydrolyzed with NaOH in the presence of water:

0
1
CHa-P-0CH3 CHp —P—ONa
OCHz ONa
o [
0 4+NaOH —— O>— 0
Br “CH3 n Br "CH3 _’n

4. Release Rates of PVA-Borate and Methyl Cellulose-Borate

Release rates of each of the polymers were determined by addition
of 0.45 g of polymers to 50 g distilled water and measuring the conductivity
of the solution at given intervals with a Yellow Springs Instrument Company

Model 31 conductivity bridge.

5. Potentiodynamic Corrosion Resistance Test

Aqueous solutions of the pclymers (0.1%) were prepared, and salt
was added to obtain a concentration of 5% NaCl. The pH was adjusted by
adding IN NaOH or 10% acetic acid. Potentiodynamic polarization experiments

were run under the conditions described in Section III.

6. NMR Analysis of Phosphonic Acid Polymers

A 60 megacycle proton NMR (nuclear magnetic resonance) spectro-

meter was used to prepare spectra of the unmodified PPO and the phosphony-

207




lated PPO polymers before and after hydroylsis.

C. Results and Discussion

1. Release Rates of PVA-Borate and Methyl Cellulose-Borate

Release rates of borate ion from poly(vinyl alcoholate)-borate and
methyl cellulose-borate are shown in Figure 118. These data indicate a zero
order release rate. The release rate from polyvinyl alchohol is slower than
that of the methyl cellulose-borate due to a higher crosslink density of
PVA. The principle of polymerically binding corrosion inhibitor to provide
controlled release of the inhibitor on demand (when exposed to moisture) is

validated by these studies.

2. Potentiodynamic Corrosion Resistance Test

The corrosion protection potential of boric acid is reported in
Figures 119-121. Potentiodynamic polarization evaluation of 2024 aluminum
alloy in 5 percent NaCl solution containing 0.1 percent boric acid is shown
in Figure 119. Under acidic (pH<7) conditions, éxtensive cathodic protec-
tion of the metal with cathodic current densities ~106-104 nA/cm2 is noted.
The equilibrium potential is ~-0.65V, and no anodic passivation exists.
When the concentration of boric acid in solution is increased to 1 percent
(Figure 120) at neutral or acidic (pH<7) conditions, aluminum shows an
extensive cathodic region with low current densities. Similar experiments
with steel (Figure 121) and 1 percent boric acid show anodic passivation at
near neutral or alkaline (pH<7) conditions. Hence, to be effective on both
steel and aluminum, the borate-containing polymer should have a pH which is
near-neutral and a sufficient borate release rate.

Figure 122 shows the potentiodynamic polarization of 2024 aluminum
alloy with 0.1 percent PVA (pH 6.4) as compared to 0.1 percent PVA-borate
(polymer) adjusted to pH values of 7.6 and 3.9. The substituted polymer has
an equilibrium corrosion potential of ~-1.05V and an anodic passivation
region between -1.05 and -0.7V with passive current density ~7 x 103 nA/cmz.
The pH of the substituted polymer does not show any appreciable effect on
the corrosion behavior of the metal. The equilibrium potential shifts to a

more negative value of ~-1.18V, and the passivation region extends to -0.6V.

The passive current density is higher by an order of magnitude. An apparent
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improvement in protection may be attributed to the polymer coating on the
surface rather than the action of the borate, since borate concentration is
relatively low. In the coating application, water penetration into the film
will be low as compared to the PVA film and the borate concentration in
aqueous phase may be higher due to the lower volume of water. Higher concen-
trations of the borate at the metal surface should provide additional cath-
odic protection.

Similar potentiodynamic polarization results are seen when 4340 steel
is evaluated in the presence of 0.1% PVA (99.8% hydrolyzed), 0.1% PVA with
lower degree of hydrolysis (7-1, 0.1% PVA-borate and 5% methyl cellulose-
borate) (Figure 123). The preparation of the hydrolized PVA has a signifi-
cant effect on corrosion inhibition behavior. The lower hydrolyzed polymer
(7-1) offers both anodic and cathodic protection {with equilibrium potential
~-0.27V and cathodic current density ~104 -5 x 105 nA/cmz; anodic passive
current density ~104 -5 x 104 nA/cmz). The anodic passivation region is
effective since no transpassive region could be detected within the experi-
mental potential 1limit. However, with 99.8% hydrolyzed PVA, the anodic
protection is 1limited, and substituted polymers show effects similar to
those found with the inorganic borate (Figure 122).

The hydrolyzed phosphonylated polymer (PPOP) was evaluated for cor-
rosion inhibition with both 4340 steel and 2024 aluminum alloy in the pre-
sence of 5% NaCl. The effect of polymer concentration was studied by vary-
ing the hydrolyzed PPOP concentration between 0.1 percent and 10 percent.
Further studies on 4340 steel using 1 percent hydrolyzed PPOP and NaOH
mixtures were carried out.

The potentiodynamic polarization of 4340 steel in 5% NaCl solutions
containing 5% and 10% concentrations of hydrolyzed PPOP is shown in Fig-
ure 124. The addition of the polymer results in a shift of the corrosion
potential to a more negative value of =745 mV from -650 mV (control).
However, no passivation occurs, and the metal corrodes actively. With the
addition of NaOH to form the sodium salt of the polymer (pH of the resultant
solution is ~10), the polymer passivates steel between -700 and -470 mV,
with a passivation current density of 3.55 x 10_2 A/m2 (Figures 125 and
126). The corrosion potential in the solution is -750 mV, which is more

negative than the potential obtained with the AFIF. The passivation current

density is lower than that obtained with AFIF. 1
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Figure 124. Current vs, potential for potent}odynamic polarization experi-
ment with 4340 steel of 1.267 cm” surface area in 5% NaCl
electrolyte solution: control; - - - with 5% hydrolyzed
PPOP; —- * —— with 10% hydrolyzed PPOP.
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Figure 125. Current vs. potential for potentiodynagic polarization
experiment with 4340 steel of 1.267 cm™ surface area in
5% NaCl electrolyte solution: _.__ - ____ with 1%
hydrolyzed PPOP and 0.00447% NaOH (pH = 9.28).
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Current vs. potential for potentiodynamwic polarization
experiment with 4340 steel of 1.267 cm™ surface area in
5% NaCl electrolyte solution: control; - - - with
1% hydrolyzed PPOP and 0.0227% NaOH (pH = 10.9); —— -
with 1% hydrolyzed PPOP and 0.008% NaOH (pH = 10.0).
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Hydrolyzed PPOP was electrochemically evaluated as a corrosion in-
hibitor for 2024 aluminum alloy. Figures 127 and 128 show the potential-
current behavior of 2024 aluminum in the presence of 5% NaCl solution with
10%, 5%, 1%, or 0.1% hydrolyzed PPOP. Addition of polymer shifted the cor-
rosion potential to values near the breakdown potential (~~700 mV), dis-~
rupting formation of a protective Al-oxide film and resulting in loss of
anodic passivation. However, the polymer shifts the equilibrium potential
to values in the passive region of the alloy and also to overvoltage values
conducive to enhancement of the cathodic process. The scan with 0.1 percent
polymer concentration gives an equilibrium potential value just lower than
the transpassive potential. Thus, concentrations below 0.1 percent are
expected to enhance corrosion protection of the alloy. In summary, hydro-
lyzed PPOP at a concentration of 1% and pH 10 offers anodic inhibition to
4340 steel comparable to the AFIF. Much lower concentrations (<0.1 percent)
of the polymer are required to enhance cathodic protection of 2024 aluminum

alloy.

3. NMR Analysis of Polymer Modification

The probable structure of the phosphonated polymer (PPOP) was deter-

mined to be:

R

oo Eo oG —ho ey

Br CH Br R BrR Br R Br R Br CHz Br R

!
R = —CHz=P(OCH3),

Controlled hydrolysis with 10 percent NaOH removed a portion of the methoxy
groups to yield phosphonic acid moieties. NMR spectra (60 megacycle proton)
of unmodified PPO and the PPOP polymers before and after hydrolysis were
prepared as shown in Figures 129-131. The NMR spectrum of the PPOP polymer
had the following characteristic peaks: & 2.05, 2.30 [12H, p- and o-
ph(CHS)], 6 3.67, 3.82 [60H, p- and o- (OCHS)ZPOI’ 6 4.20 ([20H,
CH2(0HC3)2PO], 6 6.35 (7H, phH). The hydrolyzed polymer had the following
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Figure 127.
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Current vs. potential for potentiodynamic polarization experi-
ment with alloy 2024 of 1.267 cm” surface area in 5% NaCl
electrolyte solution: control; - - - with 10% hydrolyzed
PPOP; ____ - ___ with hydrolyzed PPOP.
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Figure 128.
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Current vs. potential for potentisdynamic polarization experi-
ments with alloy 2024 of 1.267 cm” surface area in 5% NaCl

electrolyte solution: control; - - - with 1% hydrolyzed
PPOP; ___ . ___ with 0.1% hydrolyzed PPOP. -
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Figure 129. NMR spectrum of PPO.
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characteristic peaks: &6 2.25, 2.75 [12H, p- and o- ph(CH3)], 6 3.55, 3.70
[30H, p- and o~ (OCH3)2P0], 6 6.5 [7H, phH), & 8.50 (10H, P(O)OH]. The peak
area ratio of the methoxy protons to the methyl proton changed from an
original ratio of 5:1 to 2.5:1 in the hydrolyzed polymer, indicating that
one~half of the methoxy groups had been removed. Thus, the probable struc-

ture of the hydrolyzed polymer becomes:

oo e o-hoo

Br CH3 Br R Br Br R Br R Br CHz Br R n

i OCH3
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VI. PHYSICAL ENTRAPMENT OF THE AIR FORCE INHIBITOR FORMULATION (AFIF)

A. Background

Historically, the coatings industry has avoided the use of corrosion
inhibiting pigments which possess water solubilities greater than 2.0 g/
liter (5), since the resulting coatings usually display such property dis-
advantages as higher leaching rates, blistering, or loss of adhesion. Addi-
tionally, considerable research time and effort are required to develop the
technology needed to produce a product which would be suitable under varied
environmental conditions. However, if a viable system is to be developed
using the AFIF mixture, an in-depth investigation is required to isolate the
controlling parameters and optimize the system for the maximum performance
characteristics. The principal variables investigated in a suitably de-

signed study are described in the following sections.

1. Surface Treatment

The anchor pattern and metal surface tieatment greatly affect the
adhesive strength of primer coatings. For example, an Epon 828/methyl-
enedianiline primer coating gave bond shear strengths of > 9000 psi when the
aluminum substrate was chromate treated, but displayed adhesive failure on
untreated aluminum (50). While surface treatment in accord with MIL-A-03625
is an established practice, newer approaches have evolved which may provide
improved corrosion resistance and adhesion with the AFIF primer formulation
(51).

Studies related to conversion coating science are quite complex, in-
volving the quantitative elucidation of such parameters as the mechanism of
formation and barrier properties of the passivating layer, the repassivation
ability of the AFIF mixture in cases of barrier violation, nature and
strength of interaction between the primer vehicle and barrier coat, and
ability of the conversion coating to disperse osmotic forces. Obviously, an
in-depth study of conversion coatings is beyond the scope of this program,
yet an evaluation of the performance properties of several prime candidates

may provide encouraging results.
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2. Particle Size

One of the goals of the program was to develop a coatings system
which would provide up to 5 years of corrosion protection. Conceivably, to
achieve this degree of longevity, a combined approach of inhibitor entrap-
ment and encapsulation may be required to obtain an optimum leaching rate.
From the data presented in Figure 132, it is apparent that leaching rate is
a function of pigment particle size. Thus, empirical work was required to

provide imsight into the following parameters and properties.

a) Property
i. leaching rate

ii. corrosion resistance

iii. wet and dry adhesion

iv. blister resistance
b) Parameters

i. method of particle size reduction (high speed dispersion,
ball mill, etc.)

ii. milling composition (nature of vehicle, i.e. polyamide versus
epoxy resin; solvent environment, i.e. effects of dielectric
constant, hydrogen bonding, acid-base interaction, etc.; shear-
ing rheology, such as Daniel flow point versus empirical
methods; grinding aids such as urea resins; and presence of
water in solvents and absorption from air.)

iii. sensitivity to flocculation of AFIF (storage stability, pig-
ment shock resistance when combined with extender pigments,

epoxy resin, spray retarders, etc.)

The methodology used to achieve the correct particle size has a pro-
found effect on the interaction between the pigment surface and the con-
tinuous phase. For example, under the mechanical stress resulting from
milling, adsorption isotherms of epoxy resin on sodium chloride particles
indicate the formation of a monolayer containing packed, unfolded epoxy
molecules and a second, 2-fold larger monolayer. At higher shear rates the
thickness of the adsorbed layers increased 3-4 fold, caused by the deposi-

tion of molecular aggregates (52).
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Thus, since an in situ adsorption encapsulation process occurs during
milling, optimization of the controlling parameters can greatly contribute

to improvements in leaching rate, water adsorption, and blister resistance.

3. Modified Inhibitor Formulations

While field and laboratory testing have demonstrated that the AFIF

mixture provides a satisfactory level of corrosion protection for aluminum

and steel alloys, some results indicate that other combinations of inhi-
bitors may provide superior protection. In fact, certain combinations may

be more effective in reducing stress corrosion due to the action of nascent

-

hydrogen. Possible candidates would include the following:

a) substituting piperizine for borax in the AFIF mix.
b) formulation 471-8 consisting of 0.5% potassium cinnamate,
0.1% NaNOz, 0.02% (NaPO

3)6'

c) formulation 471-9, consisting of 0.5% potassium cinnamate, 0.15%
NaNOz, 0.05% Na2M004°2H20, 0.1% 3,5-dimethyl-1-hexynol, 0.02%

(NaPO3)6.

d) other chelating agents such as gallic acid or protocatechuic
acid, which provide improved salt spray and water resistance in
water-based epoxy/polyamide coatings (53).

e) other nonchromate-containing inhibitors (discussed under extender

pigments).

Higher loadings of the inhibitor pigmentation can be achieved by incor-

porating candidates which possess lower water solubilities. Since a wide
range of inhibiting mixtures is available, selections can be made from

candidates which offer the greatest possibility of success.

4, Concentration of Inhibitors

The osmotic pressure at the metal surface-primer interface. is
directly dependent upon the concentration of water-soluble salt present in
the polymer matrix. As the concentration of inhibitor increases, a point is

reached where the osmotic pressure exceeds the forces of adhesion, and

el

delamination of the coating occurs. The limiting concentration of inhibitor
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which provides the best balance among such properties as corrosion resis-
tance, adhesion and blister resistance must be established empirically.
This level will serve as a control for optimization studies designed to
achieve adequate adhesion and blister resistance at higher loadings of

inhibitor.

5. Pigment Volume Concentration (PVC)

The critical pigment volume concentration (CPVC) represents that
state in which the minimum amount of binder is present to provide an ad-
sorbed layer on the pigment particles and still fill the interstices between
the wetted particles. As shown in Figure 133, blister resistance and cor-
rosion resistance vary oppositely with respect to PVC. Thus, coatings
formulated below the CPVC possess relatively closed structures with low
permeability and corrosion tendencies, but also tend to blister.

At PVC levels above the CPVC, the structure is open and osmotic forces
are dispersed. Open structures are usually preferred for corrosion resis-
tance since mobility of the inhibitor increases (54). However, as illus-
trated in Figure 134, the leaching rate of the inhibitor is directly related
to the PVC level. An optimum value for the PVC must be established to

obtain the balance required between adhesion and corrosion resistance.

6. Nature of the Extender Pigments

a) Extender Pigment Type. The type of extender pigment used in
the primer formulation has been found to greatly affect such properties as
adhesion and water absorption (55). For example, several studies have shown
that amorphous silica improves cathodic disbonding resistance (56) and ad-
hesion (57). Silica has a low o0il absorption (15-25 g 0il1/100 g pigment)
and allows a greater interaction between the resin and substrate. Silica
also contributes to the water resistance of the coating (58).

b) Pigment Surface Treatment. Amorphous silica can be surface-treated
with silane coupling agents that chemically interact with the epoxy resin.
Two commercially-available amorphous silicas possess surfaces treated with
gamma-aminopropyltriethoxysilane and gamma-glycidoxypropyltrimethoxysilane.
These treatments provide a modulus continuum at the polymer-pigment inter-
face. The property improvements obtained by using surface-treated silica

can be seen in Table 32.
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TABLE 32. PHYSICAL PROPERTIES OF A SILICA-FILLED NYLON

Flexural Strength

Filler Unnotched Notched Reverse Initial Boiled*
] (ft-1b/ (£t-1b/ (ft-1b/ (psi) (psi)
inch) inch) inch)
untreated 4.27 .31 2.27 10,300 8,600
silica -
I treated 11.62 .71 7.78 17,700 14,600

*immersion in boiling water for 8 hours.

Other performance improvements which result from the use of surface-

treated silica include weatherability, chemical resistance, salt spray and
corrosion resistance, and reduced wicking from vapor transmission.

For pigmented systems in which there is a strong interaction between
the pigment surface and binder, the permeability coefficient decreases
linearly with an increase in the pigment volume fraction. However, when the
pigment particles are incompletely wetted by the binder, pigment aggregates
including air are formed in the film and, as a consequence, permeability to
water increases (59).

c) Pigment Shape. In addition to the type of pigment and surface

treatment, pigment shape markedly affects corrosion resistance, adhesion,
and water permeability. For example, leafing aluminum and mica, which are
commonly used in primer formulations containing fibrous Zn powder (length
20-100 pm, diameter 2-3 pm), provided superior impact and salt spray resis-
tance compared to an identical formulation containing nodular Zn pigment
with a diameter of 5 pm (60).

d) Other "Extender" Pigments. To obtain greater synergism between the
AFIF mixture and the extender pigments, a portion of the extender pigment
combination may be substituted with calcium borosilicates or calcium barium
phosphosilicate. The salt fog corrosion resistance data for calcium boro-
silicate as a function of PVC are presented in Table 33. Other possible
candidates include Busan 11-M1 (61), zinc phosphate, and zinc phospho-oxide
complexes. Through such combinations, it may be possible to achieve signi-
ficantly greater corrosion resistance while avoiding the problems arising at

higher loadings of AFIF.
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TABLE 33. PERFORMANCE OF CALCIUM BOROSILICATE IN SALT FOG RESISTANCE

PVC General Panel® Corrosion at* Blistering (hrs)
Corrosion (hrs) Scribe (hrs)

262 526 886 8861 262 526 886 886f 262 526 886

47.30 10 9 8 8-9 10 10 9 10 10/10 10/10 9/7
43.91 9 0 9 9 10 10 9 10 10/10 10/10 10/10
40.67 9 8 8 8 10 10 9 10 10/10 10/10 10/10
37.35 9 8 8 7 10 10 9 9 10/10 10/10 9/7
23.65 7 6 7 3/16 6-7 10 9 8 9 10/10 10/10 10/10
18.67 7 6 63/8 5 10 10 8 7 10/10 10/10 4/8

*Panels are rated 0 to 10. 10 is the highest rating, O indicates failures
(stripped panels).
fPanels were stripped and evaluated for corrosion.

7. Effect of Solvents

The degree of interaction achieved between a coating and a metal
substrate is greatly dependent upon the rheological and wetting properties
and the thermodynamic state of the polymer/solvent/pigment system. The con-
dition for wetting to occur is given by

D D.% P 5 _
Yy~ Ogy Yy ) - Ogy ¥y )7 =0

where D and P indicate dispersion and polar components, respectively.

P

The thermodynamic work of adhesion, W may be related to the surface

A’
free energies by the Dupre equation, which may be modified to the following

form:

_ D D.% P _ P&
Wy =20y, Ty )"+ 2@y, Y )
where y represents the surface free energy in terms of dispersion and

polar components.

Obviously, to achieve the requisite polymer-substrate interactions

requires deposition of the macromolecule in such a manner that the secondary
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forces are maximized. The mole fraction of effective contact sites will
depend upon the nature of the deposited coil, which can also be related to
Flory's expansion factor, o. The expansion factor is a thermodynamic pro-
perty which is calculated from the ratio of the root-mean-square end-to-end
distance of a molecule in a good solvent to the corresponding distance in a
6 solvent. The thermodynamic '"goodness" of a solvent is dependent upon the
interaction parameter, X, which is related to the solubility parameter 6§:

2

X = VI/RT (61 -8)

2

Figure 135 illustrates the effect of varying the solubility parameter
and fractional polarity (measure of the relative contribution of the polar
forces involved) on the solubility of epoxy resins. The phase boundary
lines represent those conditions where X is greater than 0.5 and precipi-
tation occurs. Note that isopropyl alcohol, acetone, and MIBK are poor
solvents for the given system.

In multicomponent solvent systems the evaporation rate is a complex
phenomenon (Figure 136), and in improperly designed systems, a very poor
solvent could be the last component to evaporate. Figure 137 shows the
development of internal stress in epoxy films as a function of time. The
lower internal stress displayed by the thicker film results from the pre-
sence of contained solvents and their effectiveness in providing chain
mobility. Obviously, the thermodynamic nature of the solvent and its eva-
poration rate markedly influence the degree of internal stress exhibited by
a given formulation.

Solvent combinations which provide low degrees of internal stress and
greater adhesive strength can be designed using computer programs containing
solubility parameter and evaporation rate data. One recommended solvent

combination for Epon 1001 may be found in Table 34.

8. Type of Curing Agent

Epoxy resins cured with polyamide amines are noted for developing
excellent adhesion to poorly prepared, even moist, surfaces in addition to
providing good corrosion resistance (when prepared from dimeric linoleic
acid and ethylenediamine) (62). In applications requiring maximum resis-
tance to solvents, acids, and other corrosive chemicals, amine adducts are

preferred to polyamide amine curing agents. Table 35 indicates the batch
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Figure 137,

Days
1 1 1 1 1 1 1 1 1 1 1 1

100 300 500 700 900 1100

Method for Measuring Internal Stress

Epoxy resin. Development of internal stress, S(MPa) for two
thicknesses of coating (@, ¢ = 66 um; O, ¢ = 110 uym) as a
function of time (days) at T(°C) = 21 + 0.8 and RH(%) =

52 + 1; t (substrate thickness) = 0.209 mm; H (substrate
width) = 12.7 mm.
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{ TABLE 34. SOLVENT SYSTEM FOR SPRAY APPLICATION

)

'h Component Weight Percent
Diacetone alcohol 10.0

& Methyl isobutyl carbinol 12.5

‘ Isopropyl alcohol 12.5

h Methyl ethyl ketone 5.0
Xylene 60.0

7

TABLE 35. AMINE ADDUCT FORMULATION BASED ON EPON 1001

?. Material Batch Change (% w)

Diethylenetriamine 12.6

Epon 1001-K-75 46.7

Toluene 10.7

n-Butyl alcohol 27.4

Oxitol glycol ether 2.6
1
]
4
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charge used for the preparation of a typical amine adduct curing agent.
Approximately 50-55 parts by weight of the above adduct are required to
react completely with 100 parts by weight of Epon 1001.

Various classes of epoxy curing agents have been developed in recent
years which offer distinct advantages over the polyamide amines. The impor-
tance in selecting the proper curing agent to obtain maximum adhesion can be
seen in the following: Epoxy coatings cured with 1,3-bis-(carboxyethyl)
isocyanurate and 1,3,5-tris-(carboxyethyl)isocyanurate displayed initial
adhesive strengths of 94.5 and 291.5 kg/cmz, respectively. Upon exposure to
an aggressive medium for 21 weeks, the adhesive strength decreased to
30-60 kg/cm2 for the former and 56-122 kg/cm2 for the latter (63). Thus,
even after 21 weeks exposure, the trifunctional curing agent at times pro-
vided greater adhesion than the initial values for the difunctional curing
agent. Other possible candidates and their property advantages are listed in
Table 36.

TABLE 36. ALTERNATE CURING AGENTS FOR THE POLYAMIDE AMINE

Compound Property Advantage Reference

m-Phenylenediamine low internal stress, high 64
adhesion to metals

Azelaic dihydrazide no adhesive loss after 1 yr in 65
boiling water; cathodic detach-
ment 14 mm

Aromatic amine superior corrosion resistance 66
(Epicure 8494, 849)

Polyethyleneamine 6 yrs exposure to salt water 67
adduct line exposure
1/1/-Triethylenete- underwater surface curing agent 68

tramine/Epirez 5012/
Epirez 5011 adduct

Conductance studies in NaCl solutions indicate that the nature of the
polymer structure governs the permeation ability of chloride ions through
the matrix (69). Thus, certain curing agents may provide advantages in

adhesion and corrosion resistance.
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9. Other Epoxy Resins

In addition to the bisphenol A-based epoxy resin, other room-tem-
perature curable epoxy systems are available which offer specific advantages
in adhesion and corrosion resistance. After 1000 hours of salt spray,
Shell's new generation epoxy resin Eponex resin/acrylic curing agent demon-
strated superior resistance properties as compared to conventional systems
(Figure 138). An adhesion-promoting composition consisting of a diglycidyl
isocyanurate/hexamethylenetetramine formulation demonstrated excellent
adhesion to steel, giving peel strengths of 6.6 to 8.8 1b/linear inch (70).
A variety of alternatives to bisphenol-A epoxy resins can be investigated as

a means of achieving property improvements.

10. Use of Additives

Additives represent perhaps the largest and most diversified class
of materials which are used to alter specific properties of coatings. The
ability of a given additive to impart a specific property change can be seen
in the following example. 2-Mercaptobenzothiazole derivatives have been
found to improve the adhesive strength of epoxy antings to metals. A bis-
phenol-A epoxy resin cured with 24 phr 2-mercaptobenzothiazole zinc salt
displayed adhesive strengths of >1000 (mold steel), 817 (stainless steel),
690 (brass), and 552 kg/cm2 (copper) compared with 605, 595, 478, and
218 kg/cmz, respectively, for the same resin cured with 20 phr m-phenyl-
enediamine (71).

While several classes of compounds have demonstrated varying abilities
to improve the adhesive strength of epoxy coatings, perhaps the most widely
accepted and investigated compounds for promoting adhesion are the organo
silanes. Table 37 illustrates the benefits gained when organosilanes are
used in an epoxy paint formulation. As an extension of this study, X-ray
photoelectron spectroscopy (XPS) was used to determine the nature of the
adhesive site failure. Both the metal surface after fracture and the under-
side of the film removed during the adhesion test were examined. These data
are presented in Table 38.

These data indicate that the paint film failed cohesively (aluminum was
not detected within the first 20-50 X of the surface) and that failure
occurred within an unpigmented boundary layer at the paint/metal interface

(no titanium was detected at the surface of film underside). The presence
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TABLE 37.

WET AND RECOVERED ADHESION VALUES - DIRECT PULL-OFF ON ALUMINUM

Control Wet Adhesion Recovered Adhesion

(psi/area (psi/area (psi/area

of detach- of detachment) of detachment)
Silane*/treatment ment)
Degreased only 2050/100 320/100 1880/180
0.2% A-189/degreased 4000/0 3820/0 3960/20
0.2% A-1120/degreased 4590/0 3680/0 3910/0
sandblasted only 3050/10 1070/100 3230/20
0.2% A-189/sandblasted 4530/0 3640/0 3870/5
0.4% A-1120/sandblasted 4090/0 4090/0 4160/0

*A-189 = a-mercaptopropyltrimethoxysilane

A-1120 =

n~beta aminoethylaminopropyltrimethoxysilane
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of silicone was established at the surface of each fracture site (72).
Besides serving as an adhesion promoter, the silane coupling agents may be

used to surface treat the AFIF salts as another means of generating microen-

capsulated, controlled-release behavior.

Other types of additives which have provided an increase in adhesion

when formulated with epoxy resin are listed in Table 39.

TABLE 39. ADHESION PROMOTERS FOR EPOXY RESIN COATINGS

Compound Property Imparted Reference

Furfuryl acetone 3 years immersion in salt water 73,74

polymer

Aromatic compound containing anticorrosive coating with good 75

OH, amino and imino groups water resistance

Dimethyl terephthalate high adhesive strength in corrosive 76

by-products, coke distillate media residues

cresol novolak resin highly resistant to water, NH3, 77
acetic acid, HZSOA and HC1

Styrene-maleic anhydride adhesion remained at 8 MPa for 150 78

copolymer days immersion

Urea sulfonate salt water immersion protection 79

11. Overview

Besides providing an introduction and rationale for the empirical

work, the previous discussion also illustrates the numerous parameters which
may affect the performance of a primer system. While a systematic optimiza-
tion of each parameter could undoubtedly enhance the chances of developing a
viable system, such an undertaking was beyond the scope of the project.
Consequently, the empirical work which follows functions: a) to illustrate
the advantages and limitations associated with AFIF-containing primers, and
b) to identify the parameters which control the performance characteristics

of the system.
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B. The Preliminary Empirical Study

Prior to evaluating those formulation parameters needed to maximize the
performance characteristics of films containing physically entrapped AFIF, a
study was conducted to a) optimize the method of particle size reduction, b)
characterize possible reaction inhibition due to interaction with AFIF, c)
establish the CPVC of the base formulation, and d) optimize the method of
application in order to eliminate complications arising from variations in

these fundamental parameters.

1. Method of Particle Size Reduction

To achieve a mill-paste mixture which would allow for controlled
particle size reduction, a study was conducted to evaluate suitable grinding
solvent/resin combinations. While certain polar solvents normally yield
good milling results, the combinations listed in Table 40 were found to be

inadequate for achieving the desired degree of fineness.

TABLE 40. INITIAL ATTEMPTS TO DETERMINE A SUITABLE MILL PASTE COMBINATION
FOR THE AFIF INHIBITOR MIXTURE

138 g AFIF + 425 g of the following solvent mix: 9.9% xylemne, 39.7% tolu-
ene, 25.3% IPA, and 25.3% butanol (MIL-P-23377D solvent combination)

138 g AFIF + 425 g isopropyl alcohol
138 g AFIF + 425 g n-butanol

138 g AFIF + 425 g cyclohexane

138 g AFIF + 425 g toluene

138 g AFIF + 6.27 g polyamide (enough to form a monolayer around the AFIF
pigment) + 276 g hexane to cyclohexane

138 g AFIF + 138 g polyamide resin + 276 g of the above MIL-P-23377D
solvent combination

Additionally, the milling formulation outlined in MIL-P-23377D in which
the milling vehicle is the epoxy resin was found to be unsuitable for ob-

taining fine particle size pastes. In commercially-available two-component
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epoxy paints, the usual procedure is to grind the pigments in the polyamide
resin phase, since interaction occurs between the pigment agglomerates and
the polar amine groups.

The effectiveness of using the polyamide resin as a grinding medium was
investigated using the following mill charge (which is a modification of
MIL-P-23377D). In a Norton size 0 jar mill the following ingredients were
charged: 69.01 g AFIF, 99.44 g polyamide, 42.62 g xylene, 171.25 g toluene,
108.85 g isopropanol, and 108.85 g n-butanol. The milling medium comsisted
of 34 burundum balls, and the fineness of grind was measured as a function
of time. The data preseanted in Table 41 indicate that the above polyamide/
solvent combination provided the proper wetting and shear characteristics to

obtain an acceptable fineness of grind after 24 hours of milling.

TABLE 41. EFFECTIVENESS OF A POLYAMIDE/SOLVENT COMBINATION TO
FINELY GRIND THE AFIF MIXTURE

Time Hegman Value
10 min 3.5
4 hours 5.0
8 hours 6.0
12 hours 6.5
16 hours 7.0
20 hours 7.2
24 hours 7.3

A Daniel "flow point" determination was conducted to establish a near-
optimum mill paste composition. The solvent combination used for this
procedure consisted of 9.53% xylene, 38.48% toluene, 25.77% isopropanol, and
26.21% n-butanol (from MIL-P-23377D). The results from the determination
indicated that a mill paste consisting of 50/50 polyamide/solvent provided
the best rheological properties for generating high shear values (Fig-

ure 139).
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The effectiveness of using the Daniel 'flow point" composition to
achieve fine particle size grinds was examined by comparing its grinding
efficiency against that obtained with the above MIL-P-23377D modification.
The Daniel composition and MIL-P-23377D modification mill pastes were jar
milled for 32 hr, and the particle sizes of the resulting mill pastes were
characterized by means of Coulter counter (Figures 140 and 141). While the
Daniel method did provide some advantage over the arbitrary MIL-P-23377D
modification (3.43 y versus 4.33 p, respectively) in achieving fineness of
grind, the similarity of the results attests to the overwhelming effective-

ness of the polyamide resin to disperse the AFIF mixture.

2. Crosslinking Inhibition Due to the AFIF Mixture

Incorporation of the AFIF mixture (11% by weight of the nonvola-
tile components) into a commercial two-component epoxy/polyamide paint
(Sherwin William's Tile Clad) resulted in markedly increasing (doubling) the
gel time (Table 42). As a result, an in-depth study ensued in which the
rate of crosslinking was monitored for films of Epon 1001/Ancamide 220
(MIL-P-23377D formulation void of pigmentation) which contained 1, 3, 7, and
11 percent by weight of AFIF. The degree of crosslinking was followed
through infrared analysis (unsuccessfully), Brookfield viscosity, swelling
ratio, and percent MEK insolubles. All measurements indicated that the AFIF
mixture did not inhibit crosslinking and that films of very high crosslink
density developed after 24 hrs of reaction, irrespective of the level of

AFIF. The results are presented in Tables 43, 44, 45.

3. Determining the Critical Pigment Volume Concentration

Coatings properties such as inhibitor mobility and leaching rate,
moisture permeability, blister resistance, and adhesion are greatly depen-
dent upon the accessible free volume of the polymer matrix. Thus, prior to
investigating such parameters as the level of inhibitor, nature of the
formulation, type of curing agent, etc., a study was conducted to determine
the critical pigment volume concentration (CPVC) of a formulation which
would serve as a "base'" control for subsequent studies. The formulation was
a modification of that specified in MIL-P-23377D. The modification involved
substituting strontium chromate and diatomaceous silica with an equal volume

of amorphous silica (Imsil A-10 with a fineness of grind of 7 on the Hegman
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CE #4322 Date: 12-8-81

Organization: Gulf South Research Institute

Sample: Inorganic Salts, Polyamide Ground in Ball Jar Mill
Electrolyte: 7% LiCl/ 1:5 Acetone:IPA

Dispersant: 30 secs. of ultrasonics

Equipment: TAII........... 2

Operator: Glen Fun

Apertures: 70 microns

Vol.%
SIZE CUM DIF
1. 100, 6.6
1.26 93.4 8.6
1.59 84.8 10.5
2. 74.3 10.3
2.52 64. 10.6
3.17 53.4 12.2
4, 41.2 11.9
5.04 29.4 10.3
6.35 19.1 7.6
8. 11.5 5.3
10.08 6.1 3.3
12.7 2.9 1.
16. 1.9 .7
20.16 1.2 1.2
25.4 0. 0.
32 0. 0.
Vol.Geo Mean 3.43 Standard Dev. 1.99
Median 3.39 Mode 3.86

Figure 140. Particle size distribution of the AFIF mixture ground according
to the Daniel flow point method. ¢
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CE #4301 Date: 12-8-81
Organization: Gulf South Research Inst.
Sample: Polyamide Resin

Electrolyte: 7% LiCl/1:5 Acetone:IPA
Dispersant: 30 secs of ultrasonics
Equipment: TA II........ #2

Operator: Glen Fun

Apertures: 70 microns

Vol.%
SIZE CUM DIF
1. 100. 2.5
1.26 97.5 4.4
1.59 93. 6.2
2. 86.9 7.9
2.52 78.9 10.3
3.17 68.6 13.9
4. 54.7 14.3
5.04 40.4 11.9
6.35 28.5 9.4
8. 19.1 8.5
10.08 10.6 6.1
12.7 4.5 3.5
16. 1. .8
20.16 .2 .2
25.4 0. 0.
32. 0. 0.
Vol.Geo Mean 4.33 Standard Dev. 1.9
Median 4,32 Mode 4.13

Figure 141. Particle size distribution of the AFIF mixture ground using a "]
modification of MIL-P-23377D mill paste.
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TABLE 42.

EFFECT OF ADDING AFIF MIXTURE TO EPOXY/POLYAMIDE PAINT

Viscosity Time (hrs)
(cps) 1 4 6 8 10 22 27 35 48
with AFIF 80 80 100 156 297 632 1000 1030 gelled

without AFIF 140

120 120 243 290 7680 gelled

TABLE 43. VISCOSITY AS A FUNCTION OF TIME FOR A CURING PRIMER
Time Milled in
(hours) AFIF Milled in Polyamide Epoxy
11% AFIF 7% AFIF 3% AFIF 1% AFIF 0% AFIF 11%
0.5 80 52 56 64 50 28
17.0 400 142 278 440 116 108
18.0 1230 145 440 540 120 108
19.0 2160 152 580 640 132 112
20.0 3920 180 760 890 136 112
21.0 24000 216 800 1140 140 116
22.0 48000 248 900 49500 152 126
)
23.0 solidified 300 980 (100000) 170 136
24.0 300 1030 (120:000) 196 14
27.0 3200 29600 solidified 240 220
28.0 (60:0000) solidified 260 240
29.0 solidified 264 250
30.0 solidified solidified
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TABLE 44. SWELLING RATIO DATA AFTER CURING FOR 24 HOURS
* % * *
‘| AFIF Level Dry Film Swollen z P P Q,
Weight Weight? P s
(mg) (mg)
11% milled 1.908 2.054 1.08 1.1 0.80 1.11
in polyamide
7% milled 1.991 2.085 1.05 1.1 0.80 1.07
in polyamide
3% milled 1.929 2.067 1.07 1.1 0.80 1.10
in polyamide
1% milled 1.953 1.994 1.02 1.1 0.80 1.03
in polyamide
0% + polyamide 1.942 2.048 1.05 1.1 0.80 1.08
11% milled in 1.981 2.123 1.07 1.1 0.80 1.10

epoxy

1 after 24 hours in MEK

* 7= ( swollen weight )
dry weight
Pp = polymer density (d/ml)
Ps = solvent density (g/ml)
P
Qm = swelling ratio = 1 + (Z - 1) ( ER )

S
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TABLE 45. PERCENT INSOLUBLES AFTER CURING FOR 12 HOURS

F AFIF Level Sample Weight Sample Weight Insolubles*
1 Before Extraction After Extraction
' (mg) (mg) (%)
¢ 11% milled in 2.3868 1.3529 56.68
polyamide
7% milled in 2.0537 1.2955 63.08
polyamide
3% milled in 1.3352 0.7668 57.43
polyamide
1% milled in 2.6506 1.4733 55.58
polyamide
0% in polyamide 0.9305 0.5393 57.96
11% milled in epoxy 1.4709 0.9126 62.05
%

- (sample weight after extraction) x 100

% Insolubles (sample weight before extraction)
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TABLE 46. BASE FORMULATION FOR USE WITH THE AFIF MIXTURE

MIL-P-23377D (approximate) Base Formulation

1bs gal 1bs gal

Mill Paste -

SrCrO4 110.18 3.39 Imsil A-10 105.49 4.78

TiO2 21.12 0.62 TiO2 21.12 0.62

Talc 5050 2.12 Talc 50.50 2.12 -

Diatomaceous 26.63 1.39 -- -- --

Silica

Polyamide 68.78 8.49 Polyamide 68.78 8.49

Xylene 29.48 4.08 Xylene 24 .48 4.08 )

Toluene 118.45 16.36 Tolueng 118.45 16.36

Isopropanol 75.29 11.15 Isopropanol 75.29 11.67

Butanol 75.29 11.15 Butanol 75.29 11.15 —
575.72 59.27 544.40 59.27

"B" Component

Epoxy Resin 125.34 12.66 Epoxy Resin 125.34 12.66
Toluene 101.45 14.01 Toluene 101.45 14.01
MIBK 115.69 17.32 MIBK 115.69 17.32

342.48 43.99 342.48  43.99
PVC = 26.23

Amine/epoxy ratio = 0.549

255




gauge). Table 46 presents the ingredients used in the '"base'" formulation.
The pigment volume concentration of the epoxy/polyamide coatings can be
conveniently varied by adjusting the amount of amorphous silica used in the
formulation.

The CPVC for the formulation was determined by monitoring the tensile
strength of cured films as a function of PVC [the method of Becker and
Howell; Official Digest, 28 (1956), 775]. The formulation for the mill
pastes used in the determination are given in Table 47. Each formulation
contained an arbitrary level of AFIF mix (5%, based on nonvolatile content,
for the 35 PVC formulation only), and test samples were applied by means of
conventional and airless spray. The results of the study are presented in
Figure 142.

These data indicate that a marked disparity exists in the tensile
response of films applied through the two methods. Presumably, this dif-~
ference arises from variations in void space resulting from air entrapment
and rheological changes. Coatings prepared by means of conventional spray
apparatus (Binks #18 siphon gun) displayed the classical behavior (CPVC at
40 PVC) while those prepared by means of the airless spray yielded atypical

results.

4. Determining the Optimum Application Method

Since the extent of void space can markedly affect the results of
subsequent studies, the film properties and close packed nature of coatings
applied through the two methods were investigated further. To ensure more
rapid release of entrapped air, and increased flow and annealment of the
drying film, the solvent mixture used in the epoxy component and as a spray
retarder for the formulation was modified. Thus, a 61.9% Epon 1000 epoxy
solution was prepared as a '"B" component using the following mixture of
solvents: 10% MIBK, 12.5% IPA, 12.5% methyl isobutyl carbinol, 15% diace-
tone alcohol, and 50% xylene. The epoxy resin solution (24.4 g) was blended
with 75.6 g of a polyamide mill paste (35 PVC "base" formulation) to produce
a composite mixture with a viscosity of 360 cps. The above spray retarder
(4 g) was added to the paint to achieve spray viscosity (110 cps at ~40%
solids). The mixture was applied by means of conventional and airless spray
and hand casting to release paper at 2 mils dry film thickness and onto
brushed 1010 steel panels at 2 mils dry film thickness. The extent of void

content was monitored through the following tests:
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TABLE 47.

MILL PASTE FORMULATIONS USED IN ESTABLISHING THE

CPVC FOR THE "BASE" FORMULATION

Pigment Volume

Concentration 35 40 42.5 45 50
Mill Paste

Ingredients®

Imsil A-10 172.36 232.17 265.88 303.01 387.76
AFIF 18.64 18.64 18.64 18.64 18.64
TiO2 21.12 21.12 2%1.12 21.12 21.12
Talc 50.50 50.50 50.50 50.50 50.50
Polyamide 68.78 68.78 68.78 68.78 68.78
Xylene 29.48 29.48 29.48 29.48 29.48
Toluene 118.45 118.45 118.45 118.45 118.45
Isopropanol 75.29 75.29 75;29 75.29 75.29
Butanol 75.29 75.29 75.29 75.29 75.29
*Each mill paste was let down with the ingredients specified in Table 34.
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a. Tensile Strength. Film continuity and internal cohesive energy as

measured by tensile strength data (6.74 kg/cm2 for films applied by airless

‘spray versus 2.48 kg/cm2 for conventionally applied films) indicate some

advantage for films generated through airless spray application.

b. Surface Corrosion Breakthrough. The extent of film porosity may be
monitored directly from the extent of surface corrosion breakthrough on
samples subjected to salt fog exposure. After 400 hours of exposure (Figure
143), little differentiation could be made among the corrosion resistance of
films applied by the three methods. However, those samples applied by means
of airless spray seem to exhibit slightly superior properties.

c. Water Vapor Transmission Rate. The water vapor transmission rate
data for the three methods of application indicate that the film porosity

decreases according to the following order (Figure 144):

Airless spray = hand cast > conventional spray.

d. SEM Surface Analysis. The degree of surface discontinuity and
porosity as evaluated from SEM surface analysis was found to increase accor-

ding to the following order (Figure 145):

Airless spray < hand cast < conventional spray.

e. SEM Cross-sectional Analysis. The degree of internal coarseness
and void content as evaluated from SEM cross-sectional analysis was esti-

mated to increase according to the following order (Figure 146):

Airless spray < conventional < hand cast.

In addition, films applied by means of airless spray or hand casting
appeared to be more continuous with the substrate than films applied by
means of conventional spray (Figure 147). While no overt differences exist
among these collective data, coatings applied by means of airless spray
application may provide a slight property advantage over those applied by

means of conventional spray.
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Figure l44. Water vapor permeability for [ilms applied through

conventional and airless spray and hand casting.




(A)

(B)

Figure 145. SEM surface analysis of coating deposited by airless spray
(A), hand cast coating (B), conventional spray (C).
(Figure continued on the following page).
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Figure 145. (Figure continued from the previous page).
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Figure 146. Cross-sectional structures of films obtained through airless
spray (A), conventional (B), and hand cast methods (C).
(Figure continued on the following page).
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Figure 146. (Continued from previous page).
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(B)

Figure 147. Interfacial structure of films obtained through airless spray
(A), hand cast methods (B), and conventional spray (C).
(Figure continued on the following page).
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Figure 147,

(Figure continued from previous page).
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5. Release Studies Using Films Containing Microcapsules

An approach for obtaining semi-applied release data involved using
films containing dispersed microcapsules. This approach would eliminate
complications associated with the presence of cyclohexane, and filtration of
the microcapsules from the release medium, and would improve duplication of
"field performance'" conditions.

Because of possible rupture of the polyurea membrane due to interaction
with polar solvents (alcohols and ketones) or amine end-groups (polyamide
curing agent), a 100% solids, long~oil linseed alkyd resin (Aroplaz 1271)
was selected as the vehicle for the initial evaluations. In comparison with
other classes of vehicles, alkyd resins provide an environment which more
closely approximates that displayed by an alkane (cyclohexane), thereby
minimizing the chances of polymer-membrane wall interaction and premature
rupture of the capsules. Also, solvent and end-group interactions arising
from the components used in the epoxy/polyamide formulation can be evaluated
by singly introducing each of the polar solvents into the alkyd/microcapsule
mixture and monitoring the release data from the resulting films.

To evaluate the feasibility of this approach, a study was conducted to

determine the release properties of the following three systems:

1. coatings on aluminum of Aroplaz 1271 and driers;
2. coatings on aluminum of Aroplaz 1271 and driers and AFIF mixture;
3. coatings on aluminum of Aroplaz 1271 and driers and AFIF-filled

microcapsules (619-45).

The formulations for each system are listed in Table 48. Release testing
was accomplished by immersing known weights of each sample in 100 ml de-
ionized water. The film weights (grams) for the various samples were:
control 0.34025, milled AFIF = 0.34163, AFIF-filled microcapsules = 0.38248.
The results of the release data are presented in Figure 148. The film with
the physically entrapped AFIF showed a higher release rate than the film
with the AFIF-containing polyurea microcapsules (619-45), over much of the
time course of the release profile. Since the AFIF levels in both trials
were the same, it was anticipated that the final equilibrium conductometric
release values would be equivalent, and this was borne out in the experi-

ment. There does appear to be a definite quantitative difference between
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TABLE 48. AROPLAZ 1271/AFIF FORMULATIONS USED FOR RELEASE STUDIES
i Control Aroplaz 1271/AFIF Aroplaz 1271/AFIF-filled
Blend Microcapsules
Aroplaz 1271 - 400 g Aroplaz 1271 - 192.72 g Aroplaz 1271 - 15 g
: Toluene® - 100 g Toluene ~ 48.18 g Toluene - 3.75 g
6% Cobalt naphthenate - 6% Cobalt naphthenate - 6% Cobalt naphthenate -
2.0g .96 g 0.075 g
8% Zinc naphthenate - 8% Zinc naphthenate - 8% Zinc naphthenate -
5.12 g 2.47 g 0.192 g

4% Calcium naphthenate - 4% Calcium naphthenate -
11.76 ¢ 5.67 g

AFIF mix** - 0.77088 g
(Grind in ball mill to
Hegman grind of 7+)

4% Calcium naphthenate -
0.441 g

AFIF-filled microcapsules -
*  F 19.4 g (619-45)

milling.

*% Each film contained 0.4% by weight AFIF mix.

17.9 g cyclohexane.

269

Toluene was included in the formulation for viscosity reduction during

1 1.5 g of microcapsules (approximately 4% by weight AFIF) dispersed in
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the release of AFIF in the physically entrapped state as opposed to the

microencapsulated state.

C. Physical Entrapment Studies of the AFIF Inhibitor in the Primer Matrix

Examination of the parameters which control the development and subse-

quent performance of coatings containing entrapped AFIF was important for

several reasons:

1. Coatings containing entrapped AFIF would serve as a control
for determining the advantages and limitations of coatings con-
taining microencapsulated AFIF.

2. The potential for the AFIF mixture to provide corrosion resistance
in films could be examined.

3. The establishment of the deficiencies which arise from premature
release of the AFIF and incorporation of approaches designed to
overcome the weaknesses. Coatings containing low levels of AFIF
may simulate those which undergo premature release of microencap-

sulated AFIF.

The experimental design developed to formulate AFIF within the basic
MIL-P-23377D epoxy-polyamide primer may be resolved into five coatings
studies: (1) PVC and AFIF concentration determination, (2) AFIF concentra-
tion optimization, (3) corrosion protection optimization, (&) coatings
optimization, and (5) comparative study: entrapped vs encapsulated AFIF.

PVC and AFIF Concentration Study - The purpose of this study was to
semi-quantitatively determine the optimal PVC and AFIF concentration level
for our formulation work. The PVC study was a two level design, utilizing
high (50) and low (30) PVC values which bracket the CPVC value established
earlier for the modified MIL-P-23377D formulation.

The AFIF concentration study was designed to screen a large range of
concentration values, in order to establish the effects of varying AFIF
concentration on several physical and chemical parameters. Two controls
were run (0% AFIF: 0% AFIF + SrCrOA) for each PVC value studied, to get an

indication of the relative response between the two systems.
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This preliminary formulation work also served as a variables refinement
period, where our techniques of coatings formulation were tested and modi-
fied as needed. The base formulations obtained from this work were used in
our next optimization studies.

AFIF Concentration Study - The purpose of this study was to further
optimize the AFIF concentration level around the most acceptable value found
in the previous study, and at a specified PVC. The objective was to obtain
coatings containing the highest levels of AFIF which still displayed accep-
table performance characteristics.

Corrosion Protection Optimization - Several nonchromate corrosion
inhibitors were tested for synergistic corrosion protection wheun combined
with AFIF in the primer matrix. The AFIF concentration and PVC values were
those determined in previous studies. Thus, any weaknesses of AFIF as a
corrosion inhibitor may be compensated for by the addition of another inhi-
bitor.

Coatings Optimization - Any performance deficiencies with the AFIF~
containing coatings, such as adhesion loss, blistering, application pro-
blems, etc., were addressed at this stage of the experimental design.
Approaches targeted those deficiencies which arose from the presence of AFIF
and its affect on system variables. With this stage completed, a model
formulation was available, containing AFIF with perhaps one or more com-
mercial corrosion inhibitors. This model served as a control for studies
designed to establish the usefulness of the microencapsulated AFIF approach.

Comparative Study: Entrapped vs Encapsulated AFIF - Testing at this
stage determined the feasibility and any selective advantages for corrosion

control by either the entrapped or encapsulated AFIF.

1. PVC and AFIF Concentration Determination

This study represented the first stage of our investigative plan
to establish the controlling parameters and their range of variability for
the direct incorporation of AFIF in the modified MIL-P-23377D formulation.

The purpose of this first study was to establish the following system

parameters:




1. The optimal pigment volume concentration (PVC) for our model
primer formulations.

2. The approximate effective concentration range of AFIF needed in
the primer.

3. A general indication of the feasibility of entrapped AFIF as an
anti-corrosion agent, and for its suitability as a primer system
component (e.g., whether or not it is a '"good" paint material, in

spite of its water solubility).

a. General Procedure. The initial study on the entrapped AFIF is out-

lined below.

1. Ten different primers were formulated for use in this study
(Tables 49 and 50).

2. Thirty AL7075 panels were pretreated, primed, and topcoated (one
half of panel) for each of the ten primer formulations, in accor-
dance with MIL-C-83286B, MIL-P-23377D, and MIL-T-81772. The eight
best panels for each formulation were chosen for testing (see 3,
4, and 5 below).

3. Three panels from each formulation were tested for salt fog spray
resistance, in accordance with ANSI/ASTM B117-73 (Reapp. 1979).

4. Three panels for each formulation were tested for 100% relative
humidity resistance, in accordance with ASTM D2247-68.

5. Two panels for each formulation were tested for wet adhesion,
in accordance with FED. TEST METHOD STD. No. 141B, Method 6301,
February 1, 1979.

In regard to the salt fog spray and 100% relative humidity tests, the
test panels were evaluated formally in accordance with ASTM D 1654-79a, and
results reported as specitfied (Figure 149).

b. Primer Formulation. The ten primer formulations used in this study

fall within the general requirements of MIL-P-23377D in regard to composi-

tion. Except where specified, the AFIF was used as a replacement for the
strontium chromate. Two different PVCs were used, 30 and 50. The PVC was
adjusted by adding appropriate amounts of amorphous silica. Two controls

were used for each PVC, one with 0% AFIF and one with SrCrOa. All primers
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TABLE 49. PRIMER FORMULATIONS FOR INITIAL STUDY OF ENTRAPPED AFIF

- Formulation # PVC Milled AFIF Inhibitor (%)
o
. 1 30 0%
[ 2 30 0%; SrCr0, at MIL-P-23377D level
3 30 1%
4 30 5%
5 30 10%
f 6 50 0%
7 50 0%; SrCr0, at MIL-P-23377D level
8 50 1%
9 50 5%
10 50 10%
of
274




(p3anutijuod)
(9stod1iuad) ajsed
ove 862 0LT 067 84T TTIW Jo A3TS0OSTIA
S L 9L 8L L 0°'8 purap uewdsy
82°0¢€ 87°0¢ 6Z°0¢ 87 0¢ 62°0¢ 12301
0Z°12 0Z°1¢ 0Z°1¢ 0z 12 0Z°1¢ utsay [eio]
80°6 80°6 60°6 80°6 60°6 uswdrg [elol
o€ o€ o€ o€ o€ JAd
12721 9L°S21  1L°T1 9L°GT1 1L°21 9L°G21 1L°21 ETARNA 1£°21 9,621 ursay Axodjy
18°G 26" 1Y 18°S 26 1% 18°S 26" 1% 18°6 76" 1% 18°S Z6° 1% auaiAx
IU01IY
AN 8€°8 TAN | 8€°8 sz 1 8¢€°8 ST 1 8¢°8 Gz 1 8€°8 14Inqosy 1443I3)
09°1 8y 01 09°1 8y 01 09°1 8% 01 09°1 8- 01 09°1 8% 01 touedoadosy
ﬂQCMDh e)
LS 1 8y 01 LS°1 8% 01 LS 1 8y 01 JAS | 8% 0T LS T 8%7°01 1Ainqos] 14y4aay
291 86 21 Z9°1 86°21 291 8621 79°1 86721 29°1 A Toyos1y suo0iadelq
ST'IT  €€°64 ST 1T €€ 6L ST 1T €€ 6L ST 11 €€° 6L ST 11 €€ G/ foueang
9% 11  %0°GL 9% 11 %0°GL 9% 11 %0°G/L 9% 11 $0°SL 9y L1 %0°SL [ouedoxdos]
66°9T %1°0ZT 65791 %1°021 6S°91 %1 021 65 91 917021 6591 %1°021 auanjol]
o1y €9°6C 01"y €962 01°vy €9°62 01y €9°62 oLy €9°62 auatAy
6%°8 €L°89 6%°8 €L°89 6%'8 €L°89 6%°8 €L°89 6%°8 €L°89 aptweliod
Z0°€ 16°9% 1671 9y €T 1€°0 69y , ALV
6€°€ 11°0T1 0131
€1°2 950§ €1°2 95°0S €1°2 95°0S €1°¢ 96°0S €1°¢ 950§ 21el
79°0 v1°12 79°0 91°1¢ 79°0 91°12 7970 91712 Z9°0 91°12 0Tl
1€°€ 00°€L 8y 1%°901 €0°9 ST €ET %6°C z8°%9 9€°9 €8°6€1 0L-V T1suwj
1e3 q1 1e3 q1 1e3 qi 1e3 q1r 1e3 q1 sjuaipaaduj
A4V %01 A14V %S 1AV %1 umIluoIlg 1013u0)
< Y € 1 Jaqumy
uoljernwaoy
STOYINOD HLIM SALSVd TIIKW ONINIVINOD-JIAV J0 SNOILISOdWOD “0S IIdVL -
e |~ S W




(3s10od13Uad) aased

S8L 69¢ 1LL rA 2} STt ITTW jJo A31sodstp
G L S ¢ L°L G ¢ 08 purin uewldop
€1°2y Y12y y1°2Y €12y SI°Zy 1e30]
0z 12 0212 0Z°12 0Z'12 0Z° 12 uisay jelof
£6°0¢ 46°0C %602 €6°0Z S6°0T uawd1g j[elol
0S 0S 0S 0S 0S IAd
1L°21 9.°GZ1 1L°21 9.°SZ1 14°21 9.°621 14721 9.°62Z1 1L°21 90 °SZ1 ursay Axodz
18°S 26" 1% 18°¢S 26° 1% 18°S 26" 1% 18°¢S 26° 1% 18°6 76° 1y 3uaTAx
w:ouwv—
ST'1 8¢'8 G2 1 8¢°8 SsZ°1 8¢'8 SZ°1 8¢'8 ST°1 ge-g 1A3InqosT 14AYIay
09°1 8401 09°1 8%°0T1 09°1 8% °01 09°1 89°01 091 8%°01 Touedoados]
ﬂoc.ﬂnh e)

LS 1 8% 01 1S 1 8% 01 LS 1 8% 01 IS°1 8%°01 (S 1 8% 01 14Inqosy 14yaay
79°1 86°2Z1 29°1 86°21 29°1 86°Z1 29°1 8G°2ZT 29°1 8G° 21 10Yyoa1y 3uoiladeiq
ST 11 €€°GL ST'11 €£°6, ST' 11 €€°GL ST 11 X} SL 11 €€ G/ 1oueing
9% 11 %0°GL 9711 %0°G¢ 9% 11 %0°G¢ 9% 11 %0°GL 9% 11 %0 G/ Touedoadosy
6G°91 %1°021  6S°91 %1°021 65°91 91021 6G6°91 ¥1°021 65°91 917021 auanjoj,
o1'% €9° 6T 01y €9°6C o1y €9°62 o1y £9°62 o'y €9°62 aua Ay
6v°'8 €.°89 6v°8 €L°89 6Y°8 €.°89 6%°8 €/°'89 6Y%°8 €L°89 apruekiog
2Ty 89°69 11°2 %8°2¢ %0 09°9 N A1av
6£°€ I1°011 01)1s
£€1°¢C 96" 0S €1°¢ 9G°06S €12 9506 €1°¢ 95°0S €12 95°0S mﬁaa
29°'0 7112 29°0 4112 29°0 y1°12 79°0 %1712 29°0 %112 (1181
96°¢€1 €1°80¢€ 80°91 26° %S¢ 1L LT 12°26¢€ 6L°91 6Y°92¢ 0Z°81 29°10Y% 0l-y [Isuy
1e8 qi 1e8 q1 1e8 q1 1e8 q1 1e8 q1 sjuaIpaiduj

J1dV %01 J1aV %S J1aV %1 uniljuoxlg 10a3u0)

ol 6 8 L 9
“(penutiuod) S FIAVL
- - [ ]

276




o b4
rm - ¢
¢ .0
. . e
% A.V ‘ ° ¢ m
. o . © [N ]
° o
o . @ . ©
. * O o
N~ 2
.o . ¢
o 4
[ . .
— . R
. [To L4 . [aa
o .9 .
° .
. 0.
. L L ]
4
N L]
) . X
o O [} —
o .
L]
N AN

ASTM rust ratings corresponding to percent of areca rusted.

Figure 149,




were ground on a roller mill to Hegman grind ~7 or 8 (Table 50).

c. Panel Pretreatment. The metal panels used in this testing series
were of Al 7075 alloy, 3x12x0.04 inches. The panel pretreatment procedure
is given in Table 51, in accordance with MIL-C-25769J, MIL-C-5541C, and
MIL-C-81706.

d. Primer and Topcoat Application. Approximately two hours after the
panel pretreatment was completed, 30 panels were sprayed over their entire
length in accordance with MIL-P-23377D, such that the dry film thickness is
between 0.6 mil and 0.9 mil.

After these primed panels had dried for three to four hours, a one mil
thick coating of the DeSoto two-component Super Desothane aliphatic poly-
urethane enamel (MIL-P-83286B) was applied to each panel. Again, after
waiting 45 minutes to one hour, another one mil thick application of the
topcoat was applied. Topcoat application is over only half the surface area
of the primed panels, and is otherwise in accordance with MIL-C-83286B. A
Binks Model 18 spray gun, driven by a Dayton Speedaire air compressor, was
used for both the primer and topcoat applications. Coating thickness mea-
surements were made with an Elcometer Instrument, Ltd. Minitector 150 elec-
tronic thickness gauge.

e. Testing Regime Period. After the application step, the primed,
topcoated panels were allowed to cure for 168 hours, and then the following

test procedures were carried out:

1. The wet tape adhesion test was performed on two panels from each
formulation, in accordance with Fed. Test Method Std. No. 141B,
Method 6301, February 1, 1979.

2. The salt fog spray test was performed on three panels from each
primer formulation, in accordance with ANSI/ASTM B 117-73 (Reapp.
1979), for a period of 500 hours.

3. The 100% relative humidity test was performed on three panels from
each formulation, in accordance with ASTM D2247-68, for a duration

of 500 hours.

f. Test Results. The results of the wet (tape) adhesion test are given

in Table 52. Two panels were tested for each primer formulation, with very
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TABLE 51. METHOD FOR SURFACE TREATMENT OF ALUMINUM PANELS

PROCEDURE :

1. MEK wash for degreasing.

2. Soak for 20-35 minutes im Turco Air-Tec #19 (alkaline detergent),
scrubbed vigorously with cheese cloth, then perform R.I.A. drop
test for cleanliness (ASTM 7.1.6.22) (Turco Air Tec # 19 meets
MIL-C-25769).

3. Rinse thoroughly with deionized H_O.

4. Deoxidation step: Soak panels for approximately 5 minutes in a
solution of the following:

components volume by %
butyl alchohol 35
isopropyl alchohol 25
distilled deionized H20 22
85% phosphoric acid 18
100
5. Give panel a fresh deionized H,O rinse.
6. While the panel is still wet, chromate conversion process is

initiated (Turcoat Accelagold, i.e., chromate conversion solution
prepared to yield a concentration of 0.5 oz per gallon. 4.83 g of
part 1 are added to 9.66 g of part 2 and enough water is added to
give a one gallon solution. 20 drops of nitric acid are added to
achieve a pH of 2.0. pH must range between 1.5 and 2.1. If pH is
too low, add ammonium hydroxide. The above formulation meets
MIL-C-81706 and was applied in accordance with MIL-C-5541.)
Dip panels into the formulation for 3 to 5 minutes at ambient
temperature. (When rinsed with deionized HZO’ the panels assumed
a straw color.)

7. After the H O rinse, the panels are allowed to dry and are coated -
within 8 hours. 1

8. Test area on the aluminum 7075 panels is 74 mm by 149 mm.

TABLE 52. WET ADHESION TAPE TEST RESULTS

Panel 1 Panel 2
Formulation Adhesion Loss Blistering Adhesion Loss Blistering
1 no 10 no 10
2 no 10 no 10
3 yes 0 yes 10 k
4 yes 0 yes 0
5 yes 0 yes 0
6 no 10 no 10
7 no 10 no 10
8 no 10 no 10
9 yes 0 yes 0 -
10 yes 0 yes 0 1
:
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consistent results for the two trials in all cases. Figures 150-159 are the
photographic prints taken of each panel set after the wet adhesion test was
performed. All four of the control formulations (1, 2, 6, and 7) performed
well, thus providing an unambiguous set of standards for comparison of the
AFIF formulations. The only AFIF primer formulation which performed well
was formulation 8 (1% AFIF at 50 PVC), while all other AFIF primers (3, 4,
5, 9, and 10) definitely failed. The results indicate that the incor-
poration of AFIF into the coating matrix had a deleterious effect on ad-
hesion and blistering properties. Obviously, extreme osmotic pressures
occur at the coating-metal interface for systems containing greater than 1%
AFIF and PVC values of less than 50%. These data indicate that the 1% AFIF
level formulated at 50 PVC is the starting point for subsequent exploratory
studies.

The results given above on wet adhesion all refer to the topcoated
portion of the aluminum panels. Considering response of the non-topcoated,
primed panel to the wet adhesion test, all passed except those from the
formulations 3, 4, and 5, which again illustrates the deleterious effects of
high osmotic pressures. The AFIF formulations at the 50 PVC value all
performed well, apparently because of their open structure. The disparity
between the topcoated and non-topcoated primer formulations is ample evi-
dence that inferences about the topcoated system cannot be made solely on
the response of the non-topcoated primed samples.

No appreciable oxidation was observed on any of the panels tested.
This is reasonable, since the wet adhesion test calls for only 24 hr immer-~
sion in distilled water at 25°C.

The salt fog spray test was run for 500 hr on all samples, and the
results are reported in Table 53. Evaluation of the scribed and unscribed
portions of the test panels was done in accordance with ASTM D 1654-79a.

The PVC value apparently had no effect upon the extent of corrosion
creepage at the scribed region. However, surprisingly, the creepage was
approximately proportional to the AFIF inhibitor concentration level; e.g.,
as the AFIF concentration increased, the extent of creepage also increased.
This effect may be due to rapid leaching of inhibitor as a result of chan-
nelling or from high concentration gradients.

On the other hand, interpretation of results was unambiguous for the
unscribed areas of the test panels. All four control formulations (1, 2,

6, and 7) passed the 500 hr exposure period, along with the 1% AFIF formula-
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Figure 150.

Wet adhesion test results for 30 PVC at 0% AFIF.

281




Figure 151.

Wet adhesion test results for 30 PVC at 0% AFIF, plus
SrCrOa.
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Figure 152.

Wet adhesion test results for 30 PVC at 1% AFIF.
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Figure 153.

Wet adhesion test results for 30 PVC at 5% AFIF.
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Figure 154.

Wet adhesion test results for 30 PVC at 10% AFIF.
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Figure 155.

Wet adhesion test results for 50 PVC at 0% AFIF.
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Figure 156. Wet adhesion test results for 50 PVC at 0% AFIF, plus SrCrOa.
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Figure 157.

Wet adhesion test results for 50 PVC at 1% AFIF.

288




L _AANNEN - BERRN ae

B 2

M

T . — -~ -

Figure 158.

Wet adhesion test results for 50 PVC at 52X AFIF.
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Figure 159.

Wet adhesion test results
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for 50 PVC at 10% AFIF.




TABLE 53. SALT FOG SPRAY TEST RESULTS (ASTM D 1654-79a RATING)

Scribed Area Unscribed Area

Formulation Panel 1 Panel 2 Panel 3 Panel 1 Panel 2 Panel 3
1 9 9 9 9 9 10
2 10 10 10 10 10 10
3 9 8 7 9 9 9
4 3 7 7 0 0 0
5 7 7 5 0 0 0
6 8 9 9 9 9 9
7 10 10 10 10 10 10
8 9 9 9 8 8 8
9 7 7 7 0 0 0

10 7 8 7 0 0 0

tions (3 and 8) at both 30 and 50 PVC. Some of these samples did display a
sort of crenation of the topcoat surface, but there was no blistering. The
other AFIF formulations (4, 5, 9, and 10) suffered serious blistering,
corresponding to 100% surface area involvement in all cases, e.g., total
failure.

The 100% relative humidity test was run on three panels from each
primer formulation for 500 hr, and the results are given in Table 54.
Evaluation of the surface involvement was performed in accordance with
ASTM D 1654-79a. As may be observed in Table 54, formulations 1, 2, 3, 6,
7, and 8 passed the test, while formulations 4, 5, 9, and 10 failed com-
pletely. These test results correlate extremely well with those of the salt
fog test. Another similarity of the 100% relative humidity test to the salt
fog spray test is the presence of a crenated topcoat, but which is appar-
ently not related to blistering. The coating on these crenated specimens

still remained intact and performed well under test conditions.

2. AFIF Concentration Optimization

a. General Procedure. Based upon the results obtained in the
study, a further optimization study was planned which specifically involved
optimization of the AFIF concentration for the 50 PVC primer formulation.
In this present study, the PVC was held —onstant at 50, while the AFIF
concentration was varied over the following values: 0.0%, 0.5%, 1.0%, 1.5%,

2.0%, and 3.0% AFIF based on total weight of solids. The only two primer

291




TABLE 54. 100% RELATIVE HUMIDITY RESULTS (ASTM D 1654-79a RATING)

Formulation Panel 1 Panel 2 Panel 3
1 9 9 9
2 10 10 10
3 9 9 9
4 0 4] 0
5 0 0 4]
6 9 9 9
7 10 10 10
8 9 10 9
9 0 0 0

10 0 0 0

components affected were the AFIF and Imsil A-10 concentrations, where for
each primer formulation an increase in AFIF level resulted in a corres-
ponding reduction in the Imsil A-10 level. All other primer components were
held at constant composition values. Test panels were 1010 steel instead of
aluminum since the degree of corrosion is more quantifiable on steel panels.

b. Primer Formulation. The calculated composition values for the six
primer formulations used in this study are given in Tables 55 and 56.

c. Panel Pretreatment. Steel {(low carbon 1010) panels were substi-
tuted for the aluminum panels used previously. Panel pretreatment was in
accordance with ASTM D609-61, Section 4(a), Solvent Spray Cleaning of Steel
Panels.

d. Primer and Topcoat Application. The methodology used for applica-
tion of the primer and topcoat were the same as that previously specified in
Section C.1.d.

e. Testing Regime. The testing regime used is the same described in
Section C.1.e.

f. Test Results. The experimental results for the salt fog spray,
100% relative humidity, and wet (tape) adhesion tests are reportced in Table
57. The results for the 100% relative humidity indicated that levels of
AFIF above 1% were not feasible, as excessive blistering occurred. The
results from the salt spray and wet adhesion tests showed some variability,
but again higher levels of AFIF consistently displayed poor adhesion and

excessive blistering. When considered together, the tests indicate that the
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TABLE 55.

COMPONENT COMPOSITION VALUES:

CONSTANT VALUES

Component 1b gal
Imsil A-10 y y
TiO2 21.14 0.62
Talc 50.56 2.13
AFIF X b4
Ancamide 220 68.73 8.49
Xylene 29.63 4.10
Toluene 120.14 16.59
Isopropyl Alcohol 75.04 11.46
Butanol 75.33 11.15
EPON 1001F 201.97 20.41
Diacetone Alcohol 20.20 2.60
Methyl Isobutyl Carbinol 16.83 2.52
Isopropyl Alcohol 16.83 2.57
Methyl Isobutyl Ketone 13.46 2.01
Xylene 67.32 9.33
TABLE 56. COMPONENT COMPOSITION VALUE: VARIABLES
Imsil A-10
% AFIF 1b gal 1b gal
0.0 0.00 0.00 578.62 26.22
0.5 4.59 0.29 572.15 25.92
1.0 9.16 0.58 565.70 25.63
1.5 13.71 0.87 559.28 25.34
2.0 18.24 1.16 552.89 25.05
3.0 27.26 1.74 540.17 24.48
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TABLE 57. RESULTS OF SALT FOG SPRAY, 100% RELATIVE HUMIDITY,
AND WET ADHESION TESTS

Salt Fog Spray Wet
Panel Scribed* Unscribed® 100% RH* Adhesion
0.0 2 blisters 10 blisters passed
0.0 2 blisters 10 no blisters passed
0.0 3 10 no blisters 10 no blisters -
0.5 1 6 blisters 10 no blisters passed
0.5 3 10 no blisters 10 no blisters passed
0.5 3 blisters 10 no blisters -
1.0 4 0 blisters 10 no blisters failed
1.0 4 10 no blisters 10 no blisters passed
1.0 3 10 no blisters 10 no blisters -
1.5 9 0 blisters 10 no blisters failed
1.5 5 0 blisters 10 no blisters failed
1.5 5 10 no blisters 2 blisters -
2.0 8 0 blisters 0 blisters failed
2.0 0 10 no blisters 0 blisters failed
2.0 0 10 no blisters 0 blisters -
3.0 7 0 blisters 0 blisters failed
3.0 9 0 blisters 0 blisters failed
3.0 7 0 blisters 0 blisters -

*Rating scales used are from

ASTM D1654-79a.
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optimal AFIF concentration level is 1.0% based on the weight of total solids
in the dry film, for PVC = 50.

3. Corrosion Protection Optimization Using Commercial Corrosion Inhi-

bitive Pigments

a. General Procedure. The previous studies revealed that the 1%
level of AFIF was the maximum level of corrosion inhibitor which could be
incorporated into the primer system. Since 1% inhibitor represents only a
fraction of the level normally used to afford adequate and long-term pro-
tection, a co-inhibitor study was designed with the objective of discovering
a synergistic inhibitor combination which would provide high 1levels of
extended protection.

This study utilized commercially available nonchromate corrosion-inhibi-
tive pigments in combination with the optimal 1% AFIF level. As before, the
pigment volume concentration for all primers tested was held at PVC = 50.
Each of the commercial pigments was tested at concentration levels of 1%,
5%, and 10%, and was milled with the polyamide component, as was done for
the AFIF, to a final Hegman gauge reading of ~7-8. The commercial corrosion-

inhibitive pigments used were:

1. NICHEM #7 Zinc Phosphate

2. Heubach Heucophos ZPA (basic aluminum zinc phosphate)

3. Halox BW-191 (calcium barium phosphosilicate)

4. Sherwin Williams Moly White 101 (zinc molybdate)

b. Primer Formulation. Tables 58 and 59 give the composition values

for the primers used in this study.

c. Pane] Pretreatment. Steel alloy 1010 panels were used, and the
panel pretreatment method correspouded to that described 1o Section C.2.c¢.
d. Primer and Topcoat Applicatiaon The methodology used for applica-
tion of the primer and topcoat were the wame an that previously specified in

Section C.1.d.
e. Testing Regime The e 1, cwime ool was the same as  that

specified in Section ¢ 1 e
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TABLE 58. PRIMER COMPONENT COMPOSITION:

CONSTANT VALUES

Component 1b gal
Polyamide Component
Imsil A-10 Ym Yv
TiO2 21.14 0.62
Talc 50.56 2.13
AFIF Xm Xv
Ancamide 220 68.73 8.49
Xylene 29.63 4.10
Toluene 120.14 16.59
Isopropyl Alcohol 75.04 11.46
Butanol 75.33 11.15
Commercial Corrosion Inhibitor Zm Zv
Epoxy Component
Epon 1001 F 201.97 20.41
Diacetone Alcohol 20.20 2.60
Methyl Isobutyl Carbinol 16.83 2.52
Isopropyl Alcohol 16.83 2.57
Methyl Isobutyl Ketone 13.46 2.01
Xylene 67.32 9.33
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TABLE 59. PRIMER COMPONENT COMPOSITION: VARIABLE QUANTITIES
Corrosion Corrosion
Corrosion Inhibitor AFIF Imsil A-10 Inhibitor

Primer Inhibitor (wt %) Xm (1b) Ym (1b) Zm (1b)
c None 0 9.16 564.20 0.00
1 NICHEM 1 9.19 558.11 9.19
2 NICHEM 5 9.31 533.08 46 .56
3 NICHEM 10 9.47 500.82 94.73
4 Heucophos 1 8.91 530.93 8.91
5 Heucophos 5 8.04 413.82 40.22
6 Heucophos 10 7.17 295.98 71.72
7 Halox 1 9.16 555.76 9.16
8 Halox 5 9.19 521.62 45.95
9 Halox 10 9.22 478.66 92.24
10 Moly White 1 9.20 559.37 9.20
11 Moly White 9.38 539.32 46.90
12 Moly White 10 9.61 513.14 96.12

]

1

i

1
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f. Test Results. The results for this experiment are given in
Table 60. The best responses to our test bhattery were given by primers 2,
3, and 8. These correspond to the NICHEM #7 Zinc Phosphate (primers 2 and
3) and the Halox BW-191 (primer 8). The NICHEM appeared to be the most
consistent product of all those tested, demonstrating good resistance to
salt spray, moderate blister resistance, but poor adhesion. It should be
noted that these formulations performed noticeably better than the control.

Considering the overall response of these systems, based on salt fog
spray, 100% hunmidity, and wet adhesion, the following order of decreasing

performance was obtained:

2,3>8>6,7,9 > C,1,4,5,10,11,12

The commercial nonchromate corrosion inhibitors could be ranked in the

following manner, based on their overall performance.

NICHEM > Halox > Heucophos > Moly White

The NICHEM #7 Zinc Phosphate was chosen for further testing in the

final comparative coatings study.

4. Adhesion Promoter Study.

Five primers were prepared based on the control formulation. Two
epoxy-compatible organosilane adhesion promoters were added at two concen-
tration levels, producing four test formulations. The adhesion promoters
were added directly to the polyamide portion of the primer, and formulations
were jar milled in the usual fashion. After spraying and the 168 hour
ambient temperature cure, the wet tape adhesion test was performed on these
samples. Four panels were tested for each primer formulation. As may be
seen in Table 61, all panels fai.ed this test. Thus, there was no observed

improvement with the organosilane adhesion promoters.

5. Comparative Study: Entrapped vs. Encapsulated AFIF
a. General Procedure. This experimental design was the final
stage of work on coatings and physical entrapment. The purpose of this

study was to compare the corrosion protection and coatings performance of
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Table 61. Adhesion Promoter Study

Adhesion
Adhesion Promoter Wet
Formulation Promoter (wt %) Adhesion
13 None 0.0 failed
13 None 0.0 failed
13 None 0.0 failed
13 None 0.0 failed
14 B-(3,4 epoxycyclohexyl)ethyl-
trimethoxysilane 1.0 failed
14 B-(3,4 epoxycyclohexyl)ethyl-
trimethoxysilane 1.0 failed
14 B-(3,4 epoxycyclohexyl)ethyl-
trimethoxysilane 1.0 failed
14 B-(3,4 epoxycyclohexyl)ethyl-
trimethoxysilane 1.0 failed
15 B-(3,4 epoxycyclohexyl)ethyl-
trimethoxysilane 2.0 failed
15 8-(3,4 epoxycyclohexyl)ethyl-
trimethoxysilane 2.0 failed
15 B-(3,4 epoxycyclohexyl)ethyl-
trimethoxysilane 2.0 failed
15 B-(3,4 epoxycyclohexyl)ethyl-
trimethoxysilane 2.0 failed
16 n-Beta aminoethyl-
aminopropyltrimethoxysilane 1.0 failed
16 n-Beta aminoethyl-
aminopropyltrimethoxysilane 1.0 failed
16 n-Beta aminoethyl-
aminopropyltrimethoxysilane 1.0 failed
16 n-Beta aminoethyl-
aminopropyltrimethoxysilane 1.0 failed
17 n-Beta aminoethyl-
aminopropyltrimethoxysilane 2.0 failed
17 n-Beta aminoethyl-
aminopropyltrimethoxysilane 2.0 failed
17 n-Beta aminoethyl-
aminopropyltrimethoxysilane 2.0 failed
17 n-Beta aminoethyl-
aminopropyltrimethoxysilane 2.0 failed
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the primers formulated with entrapped AFIF vs. the primers formulated with
microencapsulated AFIF. Also, an attempt was made to provide a basis for
evaluation of these systems within the context of a number of other primers,
mainly those containing SrCrOa and NICHEM #7 Zinc Phosphate.

Three controls were run in this study: 1) 1% AFIF, 2) 1% SrCrO4, and
3) 20% SrCrOA (all values as weight per dry film). An attempt was made to

prepare a primer with SrCr0O, at the MIL-P-23377D level (42% SrCrOa per

weight pigment), but problem: were encountered in the jar milling stage.
The 20% SrCrO4 per weight solids which was tested instead is equivalent to
28% SrCrO4 per weight pigment. No problems were observed with this formula-
tion.

With primers 4 and 5, an attempt was made to alleviate the poor ad-
hesion performance observed for most of the previously formulated composi-
tions. This was a carry-over from the adhesion promoter study described
earlier. Union Carbide Organofunctional Silane A-~186 [beta-(3,4-epoxycyclo-
hexyl) ethyl-trimethoxysilane] was the adhesion promoter of choice. In
primer 4, the A-186 was added directly to the polyamide component prior to
jar milling, at the 1% (per solids content) level (recommended level by the
manufacturer). For primer 5, a 10% A-186 solution in toluene was prepared.
This solution was sprayed on the panels directly after the panel pretreat-
ment stage, and the solvent was allowed to evaporate before priming. This
must be considered a basically qualitative test, since the A-186 concen-
tration at the metal surface-coating interface is not equivalent for the two
systems. This approach was considered a spot test to evaluate the effect of
surface modification.

Primers 6 and 7 contained 1% AFIF with 10% and 15% of NICHEM {#7 =zinc
phosphate, respectively. This was an extension of the work described earl-
ier in Section VI.C.3. The 10% level was selected based on the results of
previous work, and 15% was included as a means of providing additional
information.

Primers 8 and 9 represented the key formulations in this study. These
were the formulations which contained the microencapsulated AFIF. The
objective was to add enough microcapsules to provide the 1% AFIF level (per
weight solid dry film) which was utilized in the physical entrapment stud-
ies, but achieving this level of loading was not possible. Problems were

encountered when the toluene suspensions of microcapsules were blended
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into the polyamide component. The low loading values of AFIF, coupled with
the large volume of material (solvent plus polymeric microcapsules), re-
sulted in an adverse response of the primer base, manifested by apparent
solvent shock and incompatibility when a certain addition level was reached.
The AFIF levels that were attainable by this method were significantly lower
than the 1.0% level (approx. 0.1%).

Primer 10 was an attempt to add sodium molybdate-containing polyurea
microcapsules to the organic coating. The key feature of the NaMbO4 is its
relatively higher water solubility compared to the AFIF. The microcapsules
were prepared by substituting the NaMbOa for AFIF in the encapsulation
procedure, with no other alterations in procedure.

b. Primer Formulation. Tables 62 and 63 give the formulation composi-
tions for the primer components used in this study. Table 64 describes the
characteristics of the microcapsules utilized in primers 8, 9, and 10.
Encapsulation Procedure 619-74 (Table 25, microencapsulation) was used for
microcapsule preparation.

c. Panel Pretreatment. Steel alloy 1010 panels were used, and the
panel pre-treatment method corresponds to that described in section C.2.c.
The exception was primer 5, which was pretreated as described in C.5.a.

d. Primexr and Topcoat Application. This procedure was the same as
specified earlier in section C.1.d.

e. Testing Regime. This procedure was the same as specified earlier
in section C.1l.e.

f. Test Results. The results for this experimental design are given
in Table 65.

Primers 1, 2, and 3 were the control formulations for physically en-
trapped AFIF (1%) and SrCrO4 (1% and 20%), respectively. These formulations
performed very well in all three test procedures. There was a slight amount
of corrosion breakthrough on the unscribed region of the 1% SrCrOa; this was
attributed to the presence of film defects, which were formed most likely
during the film application stage. The control primers may be ranked as
follows, based on decreasing order of performance: 3 > 1 ~ 2. Primer
formulation 3 was found to provide the best balance of properties and con-
tained the highest level of SrCrOA. Primers 1 and 2 are essentially equiva-
lent in response. These results suggest that at low inhibitor levels, the

AFIF may perform in a similar fashion to the SrCrO At higher AFIF levels,

4
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TABLE 62. PRIMER COMPONENT COMPOSITION: CONSTANT VALUES

Component 1b gal

Polyamide Component

Imsil A-10 Y Y

m v
TiO2 21.14 0.62
Talc 50.56 2.13
AFIF X X

m v
Other Corrosion Inhibitor Zm Zv
Ancamide 220 68.73 8.49
Xylene 29.63 4.10
Toluene 120.14 16.59
Isopropyl Alcohol 75.04 11.46
Butanol 75.33 11.15

Epoxy Component

Epon 1001F 201.97 20.41

Diacetone Alcohol 20.20 2.60

Methyl Isobutyl Carbinol 16.83 2.52

Isopropyl Alcohol 16.83 2.57

Methyl Isobutyl Ketone 13.46 2.01

Xylene 67.32 9.33
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TABLE 63. PRIMER COMPONENT COMPOSITION: VARIABLES

AFIF Imsil A-10 Other Inhibitor Other Material
Primer wt% DF* #1b ##1b wt% DF #1b wt% or #1lb
1 1.00 9.16 564.26 --- --—- -—-
2 0.00 0.00 570.86 SrCr0 9.22 ~=-
4
1%
3 0.00 0.00 443.61 SrCrO4 196.48 ---
20%
4 1.00 9.16 564.26 ——- -—- A-186 1%
5 1.00 9.16 564.26 --- -—- -—-
6 1.00 9.47 500.82 NICHEM 94.73 ---
10.0%
7 1.00 9.64 467.42 NICHEM 144.60 ---
15.0%
8 0.09 0.241 564.26 —-——- --- microcapsules
4.725
9 0.15 0.404 564.26 --- --- microcapsules
7.080
10 0.00 0.00 564.26 NaMbOA 0.366 microcapsules
0.13% 5.550
* Dry film
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TABLE 64. MICROCAPSULET CHARACTERISTICS FOR PRIMER FORMULATION

Inhibitor Maximum Solids Inhibitor Wt% Inhibi-
Encapsula- Dry Release Added Added tor in Dry
Primer ted Loading* Time (min) (g) (g) Film
8 AFIF 5.1% 72 4.725 0.241 0.09
9 AFIF 5.7% 58 7.080 0.404 0.15
10 NaMbOa 6.6% 29 5.550 0.366 0.13

* Determined by oven drying, weighing, and an appropriate conductometric

calibration curve for both AFIF and NaMbOa

T Encapsulation procedure given in Table 25.
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TABLE 65.

SALT FOG SPRAY AND 100% RELATIVE HUMIDITY TEST RESULTS

Primer

Salt Fog Spray

100% Relative

Wet

Formulation Scribed Unscribed Humidity Blister Adhesion Blister
1 8 10 10 - pass -
1 6 10 10 - pass -
1 8 10 10 - --

2 8 9 10 - pass -
2 8 9 10 - pass -
2 9 10 10 - -~
3 9 10 10 - pass -
3 9 10 10 - pass -
3 9 10 10 - --
4 5 10 10 - fail +
4 6 7 10 - fail +
4 6 9 10 - --
5 5 0 10 - fail +
5 8 0 10 - fail +
5 6 0 10 - --
6 6 9 10 - pass -
6 7 10 10 - fail +
6 7 10 10 - --
7 9 10 10 - pass -
7 9 9 10 - pass -
7 3 9 10 - --
8 7 10 10 - fail +
8 5 9 10 - fail +
8 7 9 10 - --
9 6 9 10 - fail +
9 5 8 10 - fail +
9 6 8 10 - --
10 2 0 10 - fail +
10 4 0 10 - fail +
10 1 0 10 - -~
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previous results indicated that the water solubility problem became a dom-
inant problem, thus reducing the desirability of using higher concentrations
of AFIF in coating formulationms.

Primers 4 and 5 were formulations in which the Union Carbide organo-
silane adhesion promoter A-186 was used in an attempt to improve the ad-
hesion properties of the AFIF primers. No improvement in adhesion was
observed, and the responses to the salt fog spray test appeared to be ad-
versely affected. Note that primer 1 (without A-186) passed the wet ad-
hesion test. In primer 4, where the A-186 was added directly to the primer,
the test response was much better than for primer 5, where the A-186 was
sprayed directly onto the metal panels prior to coating. The relative
primer ranking here was as follows, in decreasing order of performance:
1 >4 >5. These results are not consistent with studies in the literature
where the organosilanes apparently increase coating adhesion on a metal
substrate in a significant manner.

Primers 6 and 7 were formulated at 1% AFIF and 10% and 15% NICHEM #7
Zinc Phosphate, respectively. The only significant difference in response
appeared to lie in the wet adhesion results, where the higher NICHEM level
provided better adhesion.

Primers 8 and 9 tested for the utility of microencapsulated AFIF for
corrosion control, while primer 10 studied microencapsulated NaMbOa.
Primer 10 provided very poor test responses in every category. Since there
was not really a significant difference in the amount (wt%) of NaMbOa in the
dry film compared to the AFIF encapsulation levels, the poor performance
must be attributed to the increased water solubility of the molybdate com-
pound, which caused serious osmotic pressure gradients across the film
layer.

Formulations 8 and 9 showed basically similar response levels to the
test regime. The salt fog spray and 100% humidity test results were only
marginally less favorable relative to the primer 1 control, while the wet
adhesion test results were inferior. The wet adhesion results suggest that
the polyurea microcapsules tend to disrupt the adhesive bonding at the metal
surface. This 1s reasonable, since in the MIL-P-23377D specification, the
primer is an epoxy-polyamide, which is applied under the polyurethane top-
coat. The polyurea microcapsules are more similar in their chemical pro-

perties to the topcoat material, so a loss of adhesion could occur if poly-
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mer-polymer incompatibility disrupted the homogeneity which augments ad-
hesion qualities.

The similarity of the salt fog spray and 100% relative humidity results
of primers 8 and 9 to primer 1 is encouraging, based upon the level of AFIF
contained in formulations 8 and 9. Surprisingly, concentrations of AFIF as
low as 0.09% based on total weight of dry film appear to be sufficient to
provide a reasonable measure of corrosion control. Whether or not micro-
encapsulation was effective in prolonging corrosion resistance would require
more quantitative testing conditions and alleviation of deficiencies in-

herent in the model formulation.
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VII. DISCUSSION

A. Evaluation of Corrosion Inhibitors

1. Summary of Inhibitor Screening for 4340 Steel

An examination of the results from the potentiodynamic anodic
polarization screening of corrosion inhibitor candidates for 4340 steel
reveals three categories of response: (1) candidates that do not provide
any form of corrosion protection, (2) candidates that reduce the metal
dissolution process significantly over a certain potential range, and may
possibly serve as effective corrosion inhibitors, and (3) candidates that
form passive film barriers on the metal surface over a fairly wide potential
range, often with a significant reduction in current density relative to the
control.

The passive film formers are most likely to serve as effective cor-
rosion inhibitors for the intended application. However, several qualifying
statements must be made concerning the reliability of the potentiodynamic
anodic polarization screening results.

The potentiodynamic polarization method is an artificially induced,
accelerated corrosion testing method, with the sample suspended within a
bulk aqueous phase, to which the inhibitor candidate is added. In those
cases where a passive film is not present the metal surface is in direct
contact with the water. Extrapolation of the activity of a corrosion in-
hibitive pigment candidate in this environment to the activity of the same
material within a primer matrix is a complex process that would require
further evaluation. The lack of reliable long term field correlations for
potentiodynamic anodic polarization behavior of corrosion inhibitors attests
to the challenge of this situation.

At the present state of the art, the method can serve as a comparative
screening technique for a relative ranking of corrosion inhibitors in a
given service environment. Such a relative assessment can be quite inform-
ative if the service environment closely matches the test environment; if
not, long term predictions must be considered with caution.

Most of the corrosion inhibitor candidates studied for the protection
of 4340 steel had some protective function (Table 1). Three did not func-

tion as inhibitors; PB-mercaptobenzothiazole, MgSiF6-6H20, and sarcosine.
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Eight of the compounds afforded some protection against the metal
oxidation and dissolution process, mainly by reducing the activity of the
metal in the environment. Some of these compounds were '"almost' passiva-
tors, though the potential range of passivation effects was usually very
narrow. Those inhibitors providing corrosion protection, but not neces-
3)6’ NaN03, NaZSi03'9H20, (NHA)ZMOOA’
l-ethynyl-1-cyclohexanol, 3,5-dimethyl-l1-hexyne-3-0l, alizarin red S, and

sarily passivation, were: (NaPO

sodium sarcosine. The function of these inhibitors is interesting, yet they
do not provide quite the type of protection of interest for the intended
application. These materials would probably be most useful when used in
conjunction with passivating corrosion inhibitors.

The passivating corrosion inhibitors represented the largest class of
compounds studied by potentiodynamic anodic polarization of 4340 steel.
They were: AFIF, Na,B,O -10H20, NaNOz, hydroxyquinoline, 2-propyn-1-ol,

27477

NHaNOZ’ NH4HB407‘3H20, sodium cinnamate, potassium cinnamate, mercaptoacetic

acid, Na2M004°2H20 and 471-1, 2, 5, 6, 8, and 9.

The AFIF mixture of interest in this program contains two components
which provide the passivating function for this inhibitor, Na28407'10H20 and
NaNOZ. All other AFIF components provide some protection, except B-mercap-
tobenzothiazole, which has no inhibitor activity. The AFIF polarization
behavior was generally characteristic for the passivating inhibitors stud-
ied. For this reason, and because of its intrinsic interest as an effective

wash primer for aircraft, AFIF was chosen among all of these inhibitors for

further study in microencapsulation and coatings entrapment. The AFIF
inhibitor was considered a representative passivator o! *1 the inhibitors
studied.

For the conditions of potentiodymamic anodic polarization in our stud-
ies, the aqueous electrolyte (5% NaCl) solutions used for testing were not
deaerated, to provide a realistic, antagonistic environment. An increase in
the rate of the cathodic reaction may occur due to dissolved O2 in the
electrolyte. Thus, the anodic oxidation and dissolution phenomena are
probably rate-limited by diffusion-controlled transport of O2 to the
cathodic sites on the sample surface from the bulk electrolyte.

Most of the materials tested for corrosion protection had pH > 7. As
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is well known, in basic aqueous solutions, the ferrous oxide (FeO'nHZO) or
ferrous hydroxide [Fe(OH)Z] would be the primary constituent species of the
passive oxide layer. The complicating effects of Cl™ in the electrolyte
cannot be assessed in terms of its effect on the corrosion rate, oxygen
transport, or on passive film formation. A great deal of effort would be
necessary, involving many different types of experimental designs, to eluci-
date the mechanistic and kinetic aspects of these complex systems. A better
definition of these phenomena may contribute to future improvements in

corrosion protection.

2. Summary of Inhibitor Screening for 2024 Aluminum

The results of the potentiodynamic anodic polarization studies
sort the corrosion inhibitor candidates for 2024 aluminum into three general
categories: (1) passivators, (2) those which provide some protection, but
do not passivate, and (3) those which provide no protection. The same
general statements concerning the validity and use of potentiodynamic anodic
polarization for 4340 steel are also applicable to 2024 aluminum.

Three of the inhibitor candidates tested provided passivation of the
metal surface. These were NaNOz,
Five of the inhibitor candidates provided some corrosion protection,

potassium cinnamate, and sodium molybdate.

yet were not passivators. These were NHANOZ’ l-ethynyl-1-cyclohexanol,
3,5-dimethyl-1-hexyne-3-0l, sarcosine, and sodium cinnamate.

The remaining 21 inhibitor candidate formulations or compounds did not
provide any corrosion protection at all. In some cases, the rate of the
anodic dissolution was significantly increased by the addition of the test
material. Care should be exercised in the application of multicomponent
mixtures such as the AFIF system. If the multicomponent formulation is
incorporated into a primer in a system where differential migration occurs,
it may promote corrosion rather than provide protection.

In coatings formulation work on the physical entrapment and microencap-
sulation of corrosion inhibitor, steel 1010 panels were primarily used,
mainly because the extent of corrosion and other degradative phenomena could
be detected and followed more easily, since steel is generally more observ-
ably active in salt fog spray and other testing.

The most obvious feature of the potentiodynamic anodic polarization

inhibitor studies is the passivation of the 2024 aluminum by the 5% NaCl
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electrolyte. This is a generally known characteristic of aluminum in water,
either aerated or deaerated. The presence of O2 in solution also tends to
promote oxide formation on aluminum.

Additionally, in the evaluation of different concentrations of cor-
rosion inhibitors, the pH of the test solution may vary considerably for
different inhibitors. The corrosion of aluminum is very sensitive to this
parameter, with high rates being observed in acidic and basic solutions.
Around neutral pH, corrosion may still occur, but at a more reduced rate.
Almost all of the inhibitor candidate solutions had measured pH values > 7,
and this is the reason most of these compounds were ineffective. Systems
that provide a buffering or control of pH may prove advantageous for alu-

minum protection.

B. Microencapsulation of Corrosion Inhibitors

1. Approach Evaluation

The microencapsulation study was designed to test the feasibility,
utility, and performance of the corrosion inhibitors when blended into an
organic coating. The use of relatively water-soluble inorganic salts as
pigments and extenders in organic coatings is atypical of industry practice,
since their water solubility increases the affinity of the coating for water
uptake. This in turn causes blistering, adhesion loss, pigment loss through
leaching, and general disruption of the coatings integrity, with subsequent
corrosion and oxidation of the underlying metal.

Clearly, within the traditional boundaries of coatings formulation for
corrosion protection, water-soluble salts as pigments and inhibitors are not
considered to be the material of choice for any coating application. The
ZnCr0O

use of heavy metal inorganic salts (SrCrO red lead, etc.), with,

4’ 4’
marginal water solubility, as corrosion inhibitors has been widespread for
many years, and from the standpoint of coating performance and cost ef-
fectiveness are considered the advantageous choices.

However, recent concern by government agencies about the toxicity and
environmental impact of chromate salts has initiated a search for nontoxic
corrosion inhibitive pigments to replace chromate. The nontoxic AFIF mix-

ture had displayed good anticorrosion properties when used as a wash primer

for aircraft. Also, its many components with a range of responses to dif-
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ferent metals implied that its multifunctional nature might hold great
promise for corrosion protection, if only the material could be formulated
into the coating in a manner that circumvented the class of problems its
water solubility would cause.

Thus, out of the need to find a nontoxic chromate replacement arose the
impetus to develop techniques or processes that would minimize the problems
of the water-soluble material while providing a reservoir for the inhibitor.
Careful consideration of the design specifications needed to formulate an
organic coating which contained a water-soluble corrosion inhibitor yielded
microencapsulation as the most promising process.

A variety of methods are available for forming microcapsules. The
interfacial polymerization method for microencapsulation appeared advan-
tageous for several reasons. The method could be adapted easily for encap-
sulation of water-soluble core materials, simply by using a water-in-oil
emulsion system. The very small particle size distribution needed for the
coatings application (<5-10 pm) could be obtained through conventional
emulsion techniques. Also, many different polymer types were accessible
with this method; any addition or condensation polymer whose monomers had
the correct solubility and kinetic relationship could be used. A wide range
of polymers with widely different property relationships was available, many

of which are used extensively in current membrane research.

2. Nylon 6,10

The nylon 6,10 was selected as the polymer system for microen-
capsulation work through the initial investigative stage; the initial in-
vestigation was directed to isolating and defining the responses of the
major controlling variables of microencapsulation. Once microcapsules were
formed, further work was spent in evaluating the parameters which govern the
formation of a viable system.

Through all the microencapsulation work, there were two dominant themes
which served to direct our experimentation. These were (1) the particle
size distribution of the microcapsule product and (2) the release time and
profile of diffusion-controlled release of the corrosion inhibitor across
the microcapsule membrane wall.

When the first successful microcapsule product was formed, SEM and
light microscopic analysis placed the range of the product distribution at

diameters from 1.0 pym to 20.0 pm, with the average in the 5.0 pym to 10.0 pm
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region. There was a significant aggregation phenomenon evident with the
dried product. The release time of this material usually fell in the
5-20 minute range. At this stage of the research work, the nylon 6,10
capsules were always air-dried before being resuspended in water for release
testing.

Thus, with this incipient microcapsule product, it was felt that fur-~
ther fine tuning with the surfactant type and ratio would narrow the micro-
capsule particle size distribution, and possibly reduce the average particle
diameter. However, the release times of the nylon 6,10 microcapsules were
considered to be less than that required for the ultimate corrosion-control
coatings application. Since the target period for corrosion protection was
~ 5 years, the 5-20 minute release data did not seem adequate. Granted,
correlation of the release data in pure water to that obtained with micro-
capsules dispersed within a topcoated epoxy-polyamide primer may not be
practical in the present study. A justification for this attitude is the
contention that the nylon 6,10 membrane wall should function in diffusion-
controlled release with selective retention of the corrosion inhibitor in a
characteristic fashion, irrespective of the volume of water carrier permeat-
ing the membrane wall at any exchange rate. The selective release profile
observed with copius amounts of water should become even more favorable
within the coating environment, where the amount of water penetrating into
the capsule-coating matrix would be lessened. Increased inhibitor release
times in our release tests should be reflected by a similar time increase
within the primer.

With these considerations in mind, a study was designed to optimize the
major parameters for the microencapsulation process. The goal at that stage
was a significant, preferably dramatic, increase in the diffusion-controlled
inhibitor release time. As a target, release times of hours were sought (as
compared to seconds or minutes) for the microencapsulated inhibitor incor-
porated into the primer.

An extensive portion of the purameter optimization study dealt with
variations in aqueous and organic phase surfactant type, concentration, and
ratio. The studies where the release time was measured as a function of the
type and concentration of the aqueous phase surfactant indicated that
Brij 58 was the best surface active agent for aqueous emulsitication. A

similar study for the organic phase surfactant tested the following nonionic
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surfactants: Brij 52, Igepal RC-520, Igepal CO0-430, and Brij 72. The
release data did not show any significant variation of release time be-
havior when plotted against this variable. However, when the organic/
aqueous phase surfactant ratio (wt/wt) was varied over a wide range, the
Igepal CO-430 and the Brij 72 were found to provide somewhat longer release
times. The Brij 58 (aqueous)/Brij 72 (organic) surfactant system was used
in the later microencapsulation work.

Hypothetically, release time should be independent of the relative
surfactant concentration. The primary function of the surfactants for this
process is to form a water/oil emulsion with the correct particle size range
for a period of time long enough for the interfacial polymerization reaction
to go to completion. As long as a stable emulsion is formed, and the sur-
factants are chemically unreactive with the two monomers, there should not
be a significant surfactant effect upon the second stage of the microencap-
sulation process, which is the diffusion-controlled polymerization reaction
at the interface which deposits the encapsulating polymer around each emul-
sion particle. This relatively insensitive release time behavior as a func-
tion of surfactant composition is thus seen to be consistent with the model
for the microencapsulation process.

The studies performed to evaluate the effect of monomer reactant ratio
(amount diacid chloride/amount diamine) on the inhibitor release time were
typical of many of the experiments performed during this project. Fairly
wide variations in monomer ratio were studied for several surfactant sys-
tems. The release times appeared to be proportional to the (diacid chlor-
ide/diamine) ratio for the Brij 58/Igepal C0-430 surfactant pair, especially
for the higher values. There was no detectable trend for the Brij 58/Igepal
RC-520 and Brij 58/Brij 72 systems. However, the release times for the
Brij 58/Brij 72 system were all consistently larger than for the other
surfactant combinations as the reactant ratio was varied. These results
corroborate to our findings about the Brij 58/Brij 72 surfactant pair in
other studies.

A possible explanation of the variability of these results lies in the
nature of the diffusion-controlled transport of diamine from the aqueous
core to the particle surface, which in turn reacts with a diacid chloride
that has diffused to the surface from the bulk continuous phase, and across

any unstirred boundary layer at the surface. It has been established that
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the optimal reactant stoichiometry for interfacial reactions is not neces-
sarily 1:1. This may be due to the differing rates at which the diamine and
diacid chloride reach the reaction site. The rate of diamine transfer
across the interface, the monomer partition coefficient for the particular
solvent system, and the initial concentrations and diffusion constants of
diamine and diacid chloride must all be considered to affect the optimum
reactant ratio. Since diffusion in the microencapsulation process may be
considered essentially a first order kinetic process, the rate of diffusion
is thus dependent upon the initial concentration of monomers. Hence, there
is an appropriate balance of initial concentrations to achieve a compact
membrane wall of high molecular weight polymer; the release characteristics
of the membrane wall should be fairly sensitive to this parameter. The test
results suggest that the surfactant composition also mediates the wall
formation and release characteristics of the system. This would not be
expected to be of such significance in the classical non-emulsified inter-
facial synthesis; however, in the emulsified system, with the tremendous
increase in interfacial surface area, the surfactant effects are more far-
reaching.

The studies designed to find the optimal organic solvent composition
with re., >ct to the release time observable did not show any significant
trend. The primary effects of organic solvent on the microencapsulation
process would be on the reaction kinetics and the molecular weight distri-
bution of the polymer. It is doubtful if the release time would show very
sensitive behavior as a function of this variable. The solvent composition
used in our later studies (2.2/1 cyclohexane/chloroform) corresponds gen-
erally to that typically used for classical interfacial synthesis of poly-
amides. We found its greatest effect to lie in density matching of the
organic phase to that of the aqueous phase; the emulsions thus formed were
very stable for our application.

The studies on the variation of release time with reaction temperature
can be interpreted similarly to the organic solvent composition studies, and
for the same general reason. Thermal effects on chemical reactions pri-
marily influence the kinetics of the process. The release time behavior of
microcapsule delivery would not be expected to show drastic dependence on
this wvariable. For classical interfacial synthesis, optimal temperatures

for condensation and addition polymer formation usually fall within the
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0°-50°C range, which is much lower than for the usual step and bulk conden-
sation processes. The temperature range we used in our studies (25°-40°C)
did not appear to have a significant effect upon the microencapsulation
product's properties.

Towards the conclusion of the parameter optimization studies of
nylon 6,10 microencapsulation of corrosion inhibitors, it became obvious
that there was a problem with the system. For all of our nylon 6,10 work,
the release tests of every formulation had displayed anomalously high ini-
tial rates of release of conducting species; this was termed the burst
effect in the earlier work. The general rationalization used to explain
this was that part of the inhibitor salt was trapped within the nylon mem-
brane wall, near the surface, and was released into water all at once,
before the AFIF within the aqueous core had diffused through the wall. It
was presumed that this problem would be minimized as the overall system was
optimized for wall properties and release characteristics. However, no
improvements were realized in eliminating this phenomenon.

Since HCl is a well known by-product of interfacial synthesis of poly-
amides, the suspicion grew that a significant amount of HCl might be parti-
tioned within the aqueous core during the polymerization reaction. Experi-
ments were designed which tested the acidity of core release of the micro-
capsules, via pH studies, and of the c¢orr chloride cnntent, via chloride
meter.

The test data supported the speculation that high HCl levels were
present within the nylon 6,10 microcapsules. Neither acidic release nor
chloride release could be tolerated for a product designed as a corrosion
protection system. No method ot removing the HCl could be devised that
would not also affect the inhibitor salt mixture. There was no choice but
to change the wall membrane polymer, preferably to some system without
deleterious reaction by-products. The omnipresent burst effect was now
thought to be due entirely to HCIl travped in-situ within the membrane wall
during the interfacial polymerization process.

A significant amount of work was done on nylon 6,10 microencapsulation
study before the need arose to abandon the polyamide wall material for a
more desirable system. In general, the parameter optimization resulted in a

narrower particle size distribution, with the average diameter ~ 6 pm as a
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more well-defined quantity (SEM results). Microcapsules which contained the
inhibitor mixture were prepared.

Also, the parameter optimization gradually provided somewhat higher
values of the diffusion controlled inhibitor release time (from 10-20 min-
utes initially to 30-50 minutes later in the study). However, this increase
was not consistent with our goal for this value - the target release time
being estimated between 2 and 4 weeks.

Finally, the dry loading values for the corrosion inhibitor mixture of
the optimized nylon 6,10 microcapsules was 18-24% (wt%); the average range
of the weight% of chloride anion was 5.6-11.0%. The inhibitor loading value
is dependent uvn the water solubility of the inhibitor mixture. There was
little promise for improving this parameter. It was at this stage that the
decision was made to investigate the suitability of polyurea microencapsula-

tion systems.

3. Polyurea

The choice of polyurea as a replacement for nylon 6,10 evolved
from several fundamental considerations. A polymer was sought which could
be adapted to the basic nylon 6,10 procedure without disrupting the estab-
lished technology. The nature of the reaction is such that there are no

by-products to contaminate the system;

toluene-2,4-diisocyanate + hexane-1,6-diamine = polyurea

The organic phase solubility of the TDI rendered it a perfect replacement
for the sebacyl chloride; in the first experiments with TDI, the only vari-
ation on the nylon 6,10 procedure was the substitution of TDI for sebacyl
chloride. Furthermore, the physical properties of the polyurea formed from
these reactants were not too different from the nylon 6,10, considering the
role as membrane wall material that it was designed for.

Most of the initial problems encountered in the adaptation of the nylon
procedure to polyurea involved the kinetics of the polymerization reaction.
Since polyurea formation is somewhat slower than the nylon reaction, a

dibutyltin dilaurate catalyst for addition to the organic continuous phase

was tested and found to give adequate results. Polyurea microcapsules were
formed, as observed from SEM studies. Coulter counter particle size dis-
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tribution analysis was run on the product, and the average particle size
(volume}) equalled 6.17 + 1.39 um. The release times of representative
microcapsule preparations at this stage were within the range of 60-90
minutes; no burst effect was observed with the polyurea microcapsules at any
time. Further work on optimization yielded a procedure with a volume phase
ratio of 50:150 (aqueous:organic), a TDI solution addition rate of 3.0 min-
utes, and 2% TDI stoichiometric excess as favorable to forming relatively
non-aggregated product (Table 24).

A further alteration in the capsule testing program related to changes
introduced into the release testing. For the nylon 6,10 microcapsules, the
product was air-dryed and stored in solid form until release testing was
performed. The material was always difficult to disperse; many times the
agglomeration observed was just too great to provide reliable results.

A variation was introduced for the polyurea microcapsules (Table 24).
The product was not isolated, but after repeated extractions with cyclo-
hexane, the material was stored in suspension until testing or use. For
release testing, a given volume of suspension was dispersed into 0.1%
Brij 58 in water. Excellent dispersions were obtained with stirring, and
much more uniform release results were obtained. It was clear that if these
microcapsules were to be of use, a procedure was needed to retard the ir-
reversible aggregation observed upon drying. This became a routine pro-
cedure in all later work.

At this stage of the polyurea microencapsulation work, a preparation
had been developed with a particle size distribution considered adequate for
use in coatings formulation. The requisite property of long diffusion-
controlled inhibitor release times had yet to be developed. Although in-
creases in release time up to 90 minutes had been observed, longer times
were considered desirable. An investigation of the membrane wall was then
undertaken to seek further improvements in this area.

Several experiments were designed to provide direct or indirect infor-
mation about the membrane wall structure and characteristics. They were (1)
comparative study of borate vs. AFIF release, (2) wall thickness increase of
microcapsules, (3) freeze-fracture study of microcapsule wall, and (4) water
drying curves.

The comparative release study of sodium borate vs. AFIF was designed to

detect the phenomenon of selective release among any of the inhibitor com-
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ponents. Borate release from microcapsules was followed by atomic absorp-
tion analysis, while AFIF release was measured by the usual conductometric
method. The release curves of the two methods were very superimposable,
implying that no membrane selectivity exists for any of the AFIF components.
The inference was that the microcapsule wall was relatively macroporous with
respect to the inhibitor components; selective retention or retardation of
diffusion through the membrane due to charge, molecular weight, or volume
effects was not observed. Although diffusion-controlled release does occur,
no selectivity amoung the AFIF components may be inferred.

The wall thickness studies were designed to increase the release times
of the inhibitor, since thicker walls would give longer diffusion paths.
Increases of 30% and 70% of wall-forming material over a control formulation
of microcapsules were prepared, and release times were measured (control
A~100 minutes, 30% ~70% ~200 minutes). Increased release times were observed
for both of the wall increase formulations over the control. Thus, a sig-
nificant increase in release time could be obtained by this method. The
equivalence of release times for the 30% and 70% wall increase preparations
may be explained in terms of the self-limiting nature of the interfacial
polymerization reaction. The polymer membrane wall formed in-situ around
each emulsion particle is deposited until the membrane itself becomes a
barrier to further diamine diffusion to the capsule surface. The polymer-
ization reaction is effectively over at this point. The self-limiting
amount of polymer wall formation may be considered to lie somewhere between
that of the control and the 30% wall increase preparation.

The freeze-fracture studies of the polyurea wall membrane revealed some
interesting features. The microcapsules may be either single or multi-
cavitied, and in some cases void areas were observed within the membrane
wall. In general, the wall thickness is approximately 1/10 of the overall
particle diameter for the single cell microcapsules. The multi-cavity
capsules could be formed in the first stages of emulsion flocculation, or
perhaps the polymerization reaction time is comparable to the collision time
of nearest-neighbor emulsion particles. The apparent void areas within the
capsule wall are of unknown origin, and could be a very serious problem if
this phenomenon were widespread. Release times would certainly be shorter

for such microcapsules.
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The water drying curves were obtained to get a relative idea concerning
the water retention of the polyurea. Weight loss vs. time data were taken
for a sample of microcapsules in cyclohexane which were allowed to air-dry
in a glass dish. The microcapsules were completely dry within 20-40 min-
utes. The polyurea membrane wall was found to be fairly permeable to water.
This was surprising at the time; however, considering the bulk of the pre-
vious work, in retrospect this observation was not altogether unexpected,
and corroborated the growing realization that the polyurea microcapsule wall
as formed in our procedure was relatively macroporous to the core material,
in varying degrees.

In general terms, the polyurea microencapsulation process yielded
considerably better results than the nylon 6,10 system. The particle size
distribution was narrower, with the most probable volume fraction lying at
the ~6.0 ym diameter. This was well within the tolerances needed for addi-
tion of this material to a primer. The dry loading of the inhibitor fell
within 11.0-22.0% (wt%). Although this range was somewhat broad, it was
still of comparable magnitude to the nylon values (18-24%). There was no
problem with HC1 contamination of the polyurea, nor was a burst effect
observed at any time. The release times of inhibitor from polyurea micro-
capsules were much better than for nylon 6,10. The observed release times
for the optimized polyurea system all fell within the 90-200 minute range,
with the release rurve profile of the shape expected for diffusive release.
The wall thickness was found to be approximately 1/10 of the particle di-
ameter, and both single and multi-cavitied capsules were observed. Voids
were observed in some of the fractured walls, which could be a serious
problem affecting the capsule release profiles.

Finally, the nature of the polyurea microcapsule wall may be inferred
from a number of experiments performed to ascertain the permeability and
selectivity of the polymer membrane. The membrane is fairly permeable to
HZO’ which probably accounts for the absence of osmotic pressure rupturing
of the microcapsules. Free exchange of solvent across the wall would dis-
sipate the powerful osmotic pressure gradients that could have occurred.
There is some diffusion-controlled release of the inhibitor salt components,
although it is not a selective process. The transport rates of all the salt
components appear to be essentially equivalent. In this respect, the mem-

brane wall must be considered a non-selective, macroporous diffusion barrier
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to the inhibitor mixture. Solutes with larger molecular weights or hydra-
tion radii would most likely experience more significant selectivity and
diffusion-controlled transport than the inhibitor salt components, all of
which are under 200 daltons. This view is corroborated in the patent lit-
erature, the most notable instance being the work of Lim (U.S. Patent
4,251,387). The molecular weight ranges for similar types of microcapsule
formation which show differences in permeability have values from 200-30,000
daltons. The AFIF components are all at the lower end of this range.
Within the scope of the compositions investigated in this work, the inter-
facial polymerization mechanism of microcapsule membrane wall formation was
insufficient to provide really long diffusion-controlled release times and
selectivity when the core material was in the molecular weight range of the
AFIF components. Further research may develop procedures to decrease the
membrane wall permeability of microcapsules formed by interfacial polymer-
ization to such low molecular weight core components, and provide a better

data base for the definition of the potential of the system.

C. Polymerically Bound, Time-Releasable Corrosion Inhibitors

Another approach to providing a more stable reservoir of inhibitor
over extended times is by chemica. modification of carrier polymers with
pendant or chelated corrosion-inhibiting functional groups. Two types of
polymerically-bound systems were studied to demonstrate feasibility. The
binding of inhibiting pendant moieties directly to the polymer backbone has
the potential of (1) reducing the initial shock to the primer system and
minimizing undesirable side effects such as blistering and loss of adhesion,
(2) providing a site specific inhibitor system as the water penetrating into
the primer coat contacts the bound inhibitor, and (3) a controlled release
rate through polymer selection and degree of substitution.

The models chosen to study the feasibility of this approach were cross-
linking of poly(vinyl alcohol) or methyl cellulose with borate anions and
the introduction of phosphonic acid onto the methyl groups of poly(2,6-di-
methylphenylene oxide). The anions chosen (borate and phosphonic acid) were
selected based on the potentiodynamic corrosion test. Water-soluble polymer
systems were chosen for the study so comparisons could be obtained with

earlier studies. The systems selected were (1) poly(vinyl alcohol), which
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‘ chelated with the borate anion; the borate ester bond was hydrolyzed in
' aqueous solutions, releasing the borate ion, and (2) a phosphonylated PPO
was also hydrolyzed in an aqueous environment.

Release rates of each polymer were determined by addition of 0.45% of
polymer to 50 g distilled water and measuring the conductivity of the solu-
tion. The poly(vinyl alcohol) release of borate ion was first order and
continued for more than 30 hours. The potentiodynamic corrosion resistance
measurements indicated an apparent improvement in both anodic and cathodic

r protection for aluminum and steel. However, this protection may be attri-
buted to the polymer coating on the surface rather than the action of the
borate, since the borate concentration in solution is relatively low. In

l== the coating application, water penetration into the film will be low com-
pared to the PVA film, leading to higher net concentration in solution due
to the small volume of water. Higher concentrations should provide addi-

tional cathodic protection.

Hydrolysis of the PPOP at a 1% concentration and pH 10 offers anodic
inhibition of 4340 steel comparable to the AFIF mixture. However, much lower
concentrations (< 0.1%) and neutral pH are required to enhance cathodic
protection of 2024 aluminum alloy. These systems were not suited for primer
applications in the study. However, data confirms the concept and provides

a basis for further evaluation.

D. Physical Entrapment of AFIF

The experimental work performed on the development and formulation of a
primer coating containing a nontoxic, nonchromate corrosion inhibitive
pigment was an integral part of the project design. The formulation was
designed (1) to determine the feasibility of adding AFIF directly to the
paint, and (2) to provide the background and control work necessary to test
inhibitor-containing microcapsules. Also of interest were observations
pertaining to the differential test responses of a coating formulated with
and without a chromate pigment. The limitations of water-soluble corrosion
inhibitors compared to the chromate pigment were obvious in every per-
formance category; the use of water-soluble inhibitors in coatings formula-

tion represents a true frontier of research.
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The coatings formulation work may be divided into two stages. The
initial stage was the preliminary empirical study designed to prepare a
primer within the latitude allowed by the MIL-P-23377D specification, and to
provide for the development and standardization of the routine formulation
and handling techniques required in coatings work.

The second stage was the coatings optimization study; variations of
interest were the PVC of the primer, AFIF concentration level, other non-
chromate inhibitors, adhesion promoters, and comparative studies of the use
of AFIF-containing microcapsules, tested against several controls.

A brief summary of the preliminary empirical study follows. Particle
size reduction was achieved through use of jar milling; a mill paste with
good shear properties was obtained by the Daniel flow point method, which
utilized the polyamide primer component as a grinding medium. The possible
inhibition of the epoxy-polyamide curing reaction by AFIF was examined; no
inhibition of the cross-linking process was observed. Tensile strength of
the primer was monitored as a function of PVC, and an estimate of the criti-
cal PVC made, which corresponded closely with the classical expectation for
this parameter (~40). The coating application method was examined for
relative void content among films prepared by hand casting, airless spray,
and conventional spray; the conventional spray method was used in all later
work.

Other preliminary work was the formulation and release testing of
entrapped and microencapsulated AFIF added to a long-o0il linseed alkyd
resin. The objective of the study was to determine the compatibility,
mechanical properties, and release characteristics of microcapsules added to
an epoxy-polyamide primer. The polarity of the epoxy-polyamide primer
matrix could seriously interact with the microcapsule wall, and the internal
film stress caused by solvent evaporation, curing reaction, and the close-
packing of microcapsules in an increasingly crowded micro-environment could
overcome the mechanical properties of the capsules. The alkyd resin was
thought less likely to cause environmental shock with the microcapsule wall,
and the absence of other pigments and extenders should have relieved some of
the internal stress effects. These preliminary alkyd studies were performed
to obtain a general idea of the response of microcapsules dispersed within a
coating matrix. The results indicated that there was an advantage in re-
lease characteristics for the AFIF-containing microcapsules over the en-

trapped AFIF.
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The coatings optimization design was a five-stage experimental study;
the best primer formulation from each stage was carried over into the next
for further testing.

In general, all SrCrOA control primer formulations passed our battery
of environmental tests; the concentration (wt%) ranged from 1.0-20.0% (dry
film). Corrosion breakthrough was rarely observed, and neither adhesion
loss nor blistering was ever observed. This pigment was superior to any
alternative tested in our program, thus corroborating an industry fact.

The estimated critical PVC of our basic primer formulation was ~40.
The best value for our application and material constraints was PVC = 50.
This PVC should have alleviated much of the tendency toward blistering, due
to the relative openness of the matrix. The trade-off between inhibitor
mobility and corrosion resistance for the water-soluble AFIF is gquestion-
aple. Clearly, too many factors were involved to expect the classical
coating behavior.

AFIF primer concentrations ranging from 0.5% to 10.0% (wt% dry film)
were tested. The best value of this parameter which could be tolerated
within the primer, and still pass the requisite coatings tests, was the 1.0%
level. The lower values studied (0%, 0.5%) usually performed in a com-
parable fashion to the 1.0% value, while the higher concentration levels
performed to a lesser extent. In one of our later studies, the 1.0% AFIF

was run against a 1.0% SrCrO and little variation in test response was

4?
observed.

Several nonchromate corrosion inhibitors were studied in conjunction
with the 1.0% AFIF (dry film) at PVC = 50. These inhibitors were: NICHEM
#7 zinc phosphate, Heubach Heucophos ZPA, Halox BW-191, and Sherwin Williams
Moly White 101. Concentrations of 1.0%, 5.0%, and 10.0% were run. The best
primers within this series were the 5% and 10% NICHEM with 1.0% AFIF. A
15.0% NICHEM (wt% dry film) was run in a later study, and outperformed the
other members of the series. This pigment inhibitor appears to have some
potential for corrosion control in this type of primer.

An adhesion promoter study was performed, in an attempt to improve the
generally poor adhesion performance of the AFIF primers. These compounds

were:
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B - (3,4~epoxycyclohexyl)ethyltrimethoxysilane
(Union Carbide A-186)

h N-f ~ (aminoethyl)-gamma-aminopropyl-trimethoxysilane
(Union Carbide A-1120)

No improvement in adhesion properties was observed with the use of -
_ these organosilane adhesion promoters. In one of these studies, both the
A-186 and A-1120 were added directly to the polyamide mill paste prior to
grinding, at both 1% and 2% (wt% DF). In another study with A-186, a com-

'! parison between jar milled and direct spray application to the metal surface

(10% A-186 in toluene) was performed. In neither case were positive results

observed. Either the organosilane was tied up in the coating through ad-

sorption, or some other phenomenon, and thus unable to interact with the

substrate; or perhaps the material was reactive with some primer component -
which renders it inactive. Possibly the toluene was the problem, in the

case of the spray application experiment.

A comparative evaluation between entrapped AFIF and microencapsulated

AFIF was performed. An absolute basis for comparison could not be obtained, -
due to certain physical constraints which exist concerning the microencap-
sulated material. The entrapped AFIF concentration in the dry film was 1.0%
(wt.%). The highest value of microencapsulated AFIF that could be added to
the primer without the occurrence of solvent shock and incompatibility was

<0.15%. This was due primarily to the large volume of material (microcap-

sule plus a minimum amount of organic solvent) that had to be added to
obtain the desired loading. The volume had already been reduced as much as
possible, down to the level where essentially irreversible aggregation of
the microcapsules usually occurred. This volume could not be minimized
further, since dispersability of the product within the primer was of utmost

importance. We used the highest loading values we could get in each case.

The limitation here was the amount of AFIF that could be incorporated within
the microcapsules. The maximum attainable micvocapsule loading value cor-
responds to the solubility limit of the material in the core aqueous phase;
this was the value at which we always encapsulated the AFIF.

The results of the salt fog spray and 100% relative humidity tests were
somewhat better for the entrapped AFIF (1.0%) primer than for the encapsu- 1
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lated AFIF (<0.15%), although not by any significant margin. The wet ad-
hesion test for the microencapsulated AFIF was definitely much worse than
for the entrapped material. However, the wet adhesion test is relatively
crude in nature, being dependent on many factors relating to coating appli-
cation. There may not be significance to these results, especially when the
other two tests go against it.

Several general conclusions may be reached. The AFIF levels obtainable
for both the entrapped and microencapsulated system are too low to provide
corrosion protection similar to the chromate system. The water solubility
of the material is a liability when it is used as a physically entrapped
pigment. Ironically, the level of water solubility that is so damaging in
the entrapped system is too low to allow proper loading in the microencap-
sulated system. Higher loadings may be obtained for inhibitor systems with
greater solubility or by microencapsulation of solid materials. These data
indicate a potential for the microencapsulation of soluble inhibitors.
However, significant improvements must be achieved to provide corrosion

protection similar to that obtained with the chromate systems.
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VIII. CONCLUSIONS AND RECOMMENDATIONS

Based on data provided by these studies, the following observations and -

recommendations can be made:

1. Potentiodynamic anodic polarization provides useful information in

screening corrosion inhibitors, defining their limits of effect- -
iveness, and understanding the mechanisms of action.
2. Three compounds were identified by potentiodynamic polarization as
passivating corrosion inhibitors for both steel and aluminum:
sodium nitrite, potassium cinnamate and sodium molybdate. .
3. The AFIF demonstrated passivating corrosion protection in screen-
ing studies for steel, but not for aluminum. Of the seven com-
ponents formulated in the mixture, six provided some protection
for steel. The seventh (B-mercaptobenzothiazole) appeared to be -
inert. However, only one of the AFIF components (NaNOZ) j
functioned as a corrosion inhibitor for the aluminum. The others
284977102 o
which accelerated the anodic process. i

had no significant effect on the system, except Na

4. Microcapsules containing water-soluble corrosion inhibitors can be : 1
prepared and incorporated into primer formulations. More effi- 1

cient inhibitors and/or higher capsule inhibitor loadings are

needed to extend the concept to practical applications.

5. The feasibility of microcapsule formation was demonstrated using

P G

interfacial polymerization methods for microencapsulation with a
nylon 6,10 and polyurea polymer system. An examination of micro-
capsule morphology using SEM fracture techniques and studies of
diffusion release times indicates that further developments are
desirable to achieve best performance.

6. Inorganic corrosion inhibitors bhound in a polymeric matrix demon-
strated the potential for incorporation into primer formulations
in which the inhibitor would be released by hydrolysis with water
permeation into the primer.

7. Release rates of inorganic inhibitors bound in polymeric matrices
may be controlled through the type of bonds formed, degree of
substitution and permeation characteristics of the binding polymer

and coating matrix.
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8. Evaluation of inhibitors incorporated in epoxy-polyamide formula-
4° b) the AFIF

was marginally acceptable when included as an entrapped solid or

tions indicated that a) the best inhibitor was SrCrO

within microcapsules, based on definitions of MIL-P-23377D, c)
concentrations of the AFIF mixture that could be incorporated into
the primer as entrapped solid or in microcapsules were too low to
be as effective as the chromate inhibitor, and d) of several
commercial inhibitors evaluated the best performance was observed

with NICHEM No. 7 Zinc Phosphate.

A potential for several systems is indicated; therefore, the following

recommendations are suggested.

1. Potentiodynamic screening may be used to develop a multicomponent

’ inhibitor system which may be more effective for steel and alumi-
num. If the system is to be encapsulated, greater water solubil-
ity on solid encapsulation would be desirable.

2. Operational problems in the incorporationlof microcapsules must be
optimized so the system can be fully evaluated. For example,
increased loadings can be achieved if a method is developed for
drying and redispersion of the microcapsules without agglomera-
tion. A better definition of the desired release time as it
relates to performance in the primer formulation is needed before
optimization of the microcapsule wall structure is studied.

3. A review of possible polymeric systems for binding inorganic
inhibitors is needed. Polymeric systems compatible with primer
formulations must be evaluated.

4. A more quantitative response system must be considered in the
evaluation of primer coatings. Development work may be necessary
to achieve this objective.

5. Further experimentation would be required to develop the inter-
facially polymerized membrane walls of the microcapsules such that
diffusion-controlled release of very low molecular weight (<200

daltons) inhibitor molecules could be obtained.
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